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S U M M A R Y
The electrical conductances of aqueous solutions of
MgSO^, MnCX^SO^ and Cu(II)SO^, of concentrations 2 s 10 ^ to 
- 3 - 12 x 10 equiv.l. , have been measured at several frequencies,
-1 -1 from 1 Kc.sec.- to 50 Me .sec. , using two radxo-frequency
transformer ratio-arm bridges and an audio-frequency Wheatstone
bridge network. A relative method, which employs KC1 as the
reference electrolyte, was used for the measurement of the
radio-frequency conductances (1 to 50 Me.sec. ).
The measured increases in conductance, brought about by
the high-frequency electric field, were often greater than those
predicted from the theory for the relaxation of the ion 
-T4 301atmosphere. * This was particularly true the "weaker" the
electrolyte, and the greater the electrolyte concentration.
This effect has been attributed to an additional dispersion of 
conductance due to the relaxation of the equilibrium:
ion-pair ■■■— —* free ions.
The experimentally-measured values of these dispersions
[24]were of the order of magnitude required by the Gilkerson
theory for the relaxation of the ion-pair equilibrium; using
this theory, specific rate constants for ion-pair dissociation
have been calculated. Considering the difficult nature of
the measurements and the approximations made in the calculations,
these rate constant values are in good agreement with those
r40 4i]
obtained b y  o t h e r  workers * * using ultrasonic techniques.
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P A R T  I 
S E C T I O N  I.
HISTORICAL INTRODUCTION TO HIGH-FREQUENCY 
CONDUCTANCE
The Bebye-Huckel-Onsager limiting equation for the 
variation of the equivalent conductance with concentration, 
of symmetrical electrolytes at very low concentration, may 
be written:
A  = A o  -(AjAo + a2) / T ...................  (l.n
(for a further account of this equation see Part I, Section 2).
The equivalent conductance at infinite dilution,/\o, 
is reduced at concentration C, by two terms proportional 
to C2. A0 is the electrophoretic term, largely governed 
by the viscosity of the solution; to a first approximation 
it is independent of the frequency co of the alternating 
field which is applied in order to measure the specific 
conductance. A . A o  is the ’relaxation term, and is governed
JL
by the relaxation time *0- of the ionic atmosphere. The 
magnitude of this term will change when -0- becomes comparable 
to (— ) , as expressed by the Debye--FaIkenhagen equation (1.6), 
resulting in an increase in equivalent conductance.
The usual method for the measurement of electrical 
conductance of electrolyte solutions uses some form of 
Wheatstone bridge network, and low-intensity, and low-frequency 
alternating current. The older method of using direct 
current, has been largely superceded, as polarisation effects 
are likely to occur, giving unreliable results, unless
r i ireversible electrodes are used. J These difficulties are
largely overcome by the use of audio-frequency current
— Igenerally in the range 5^0-5,000 c.sec.
-1In low-intensity fields of the order of 1 volt cm.
the velocities of ions are extremely small; for these small 
velocities the current is proportional to the applied, 
potential difference across the cell, and Ohm's law holds. 
The question of whether the conductivities of electrolytes 
remained constant with very high field strengths, and 
consequently high ionic velocities, was first studied by
r 21Wien using high-intensity electric discharges of the
_1
order of 100 Kv.cm. Wien discovered deviations from
Ohm's law which could not be explained by the classical 
Arrhenius dissociation theory. This effect, which came to
10 1
be known as the normal Wien effect, was later explained
r 31
theoretically by Onsager and Wilson ■ in terms of the
modern electrostatic theory.
In his preliminary experiments Wien found another
effect which at the time seemed incomprehensible; the
duration of the high-intensity discharge was varied through
wide limits and experiments on several electrolytes showed
that the magnitude of the Wien effect depended upon the
duration of the discharge, the effect being especially
marked for very short durations. Wien was thus the first
to obtain evidence for the dependence of conductance upon
the frequency of the applied electric field*
Wien's observations were explained soon afterwards
f"41by-Debye and Falkenhagenf who predicted theoretically 
the effect of changes in frequency upon conductance from 
considerations of the electrostatic forces between the ions 
in solution; during the next few years, this theory was 
the subject of many experimental investigations.
Sack was the first to obtain results of sufficient 
accuracy to test the validity of the theory,, The usual 
circuits for determining conductances by audio-frequency 
methods are not suited to measurements at radio-frequencies.
As the frequency increases, if becomes more and more difficult 
to maintain the symmetry of the bridge system,which is 
necessary to obtain a sharp minimum,because the bridge 
connections and standard resistance boxes ’’become inductive”. 
The inductance, L, is small, but coL becomes significant.
It is therefore necessary to use special techniques to 
measure conductances at radio-frequencies. The method used 
by Saclc was based on the properties of a resonant circuit 
consisting of an inductance and a capacitance with a resistance 
in parallel. Provided that the e.m.f. induced in the 
circuit is kept constant, the current flowing in the circuit 
at resonance depends on the magnitude of the resistance. A 
conductivity cell containing an electrolyte solution 
corresponds to a resistance with a capacitance in parallel, and 
a change in solution resistance gives a corresponding 
change in resonance current. The cell was fill^ successively 
with a number of solutions of potassium chloride of 
slightly different concentrations, and the corresponding 
resonance currents measured. The low-frequency conductances 
of the same solutions were measured simultaneously in a 
conventional Wheatstone bridge circuit, and in this way a 
curve relating the high-frequency resonance current to the 
low-frequency conductance was obtained. The cell was then
Tilled with the electrolyte solution under examination and
the resonance current, and low—frequency conductance, measured
as before. The high-frequency conductance of the solution
was found by reference to the calibration curve, due allowance
being made for the variation of conductance of the potassium
chloride solution with frequency. The latter was assumed
to obey the Debye-Ralkenhagen theory so that its conductance
at any frequency could be calculated. In this way, Sack
investigated the frequency effect upon conductance for
aqueous solutions of magnesium sulphate, at a frequency of 
-118.75 Me.sec. , and obtained increases in conductance of 
the order of magnitude predicted by the theory.
r 6iZahn determined high-frequency conductances by 
measuring the loss due to the oscillatory currents set up 
when the electrolyte solution was subjected to an alternating 
electro-magnetic field. This loss increases with increasing 
conductance of tne solution, and if two electrolytes 
exhibit the same loss, then neglecting any effects due to 
differences in their dielectric constants, they have the
I
same conductance at the frequency in question. Just as in 
Sack’s method, only comparative measurements of high- 
frequency conductance could be made, potassium chloride 
being again used as the reference electrolyte. Measurements 
were made on magnesium sulphate solutions at a frequency 
of 300 Me.sec. ^ Once again the results were in fair 
agreement with the theory.
The method of Zahn was used later in a more extensive 
investigation by Rieckhoff^ and Rieckhoff and Zahn£^
About twenty electrolytes, with various valency combinations, 
were studied; although the results in general showed fair 
agreement with the theory, deviations were especially 
prominent with electrolytes containing ions of valencies 
higher than 2-2, and with more concentrated solutions 
approximate agreement only was obtained. The conductances 
of magnesium sulphate solutions showed good agreement with 
the theory, but the results for manganese sulphate showed 
greater increases than theoretical for the more concentrated 
solutions.
In both of the above methods, small errors may be
introduced by the difference in dielectric constant of the
reference and test solutions, which has to be ignored, 
r qi
Deubner developed a method in which the electrolyte 
resistance was incorporated in the circuit of a valve 
oscillator. The reaction of the oscillator was adjusted 
so that it was just on the point of oscillating, and if was 
found that the intensity of the oscillations was very 
sensitive to small changes in the resistance. Thus, by 
inserting different electrolyte solutions into the circuit 
it was possible to compare their high-frequency conductances. 
Sodium chloride solution was used as reference electrolyte.
The design of the oscillator was such that small changes in 
dielectric constant had a negligible effect on the intensity 
of the oscillations and could hence be neglected. Measurements 
on magnesium sulphate, calcium sulphate, and copper sulphate 
were in fair agreement with the Debye-Falkenhagen theory, 
although once again small deviations were found at the
higher concentrations.
r 101Deubner subsequently developed a calorimetric
method for the comparison of the high-frequency conductances
of two electrolyte solutions, which depended upon the heat
develoxaed by the passage of an alternating current through
them,and had an accuracy of about 0.1%. Deubner was able
to confirm his previous results with magnesium sulphate, 
m i
Malsch also developed a calorimetric method which
differed from all the previously-mentioned methods in that it
enabled absolute measurements to be- made. At frequencies
-1of 3.75, 6.25 and 10.75 Me.sec. , solutions of silver
nitrate and ferric chloride in ethanol showed increases in
conductance of the order of magnitude required by the theory.
Owing to the very difficult nature of the high-
frequency measurements, most authors restricted their
investigations to one or two concentrations, and often to
fl2 13]
only one frequency. Wien ’ made a more extensive
investigation< with aqueous magnesium sulphate and barium
- kferricyanide solutions, of concentrations 2.5 32 10 to 
-2 -12.5 32 10 mole 1. , and at frequencies of 7.5, t5 and 30
-1Me.sec. Both conductance and dielectric constant were
measured; the variation of dielectric constant with
[4]
frequency was also predicted by Debye and Falkenhagen.
Wien found that although the results were of the 
correct order of magnitude, both electrolytes showed small 
deviations from the theoretically predicted behaviour. At 
the lower concentrations the experimental results lay below 
the theoretical curve, whereas at the higher concentrations
they lay above the curve. These effects were more pronounced 
with barium ferricyanide than with magnesium sulphate..
[14]Similar behaviour was found by Gaertner for calcium
ferrocyanide solutions. Wien suggested that these 
deviations were probably due in part to the inadequacy of 
the theory at higher concentrations, and in part to incomplete 
dissociation of the electrolytes.
For non-aqeuous electrolyte solutions, very much 
greater deviations from theoretical behaviour have sometimes I
r 151
been found. Hiegemann studied magnesium sulphate xn
water-free glycerol. For frequencies of 13*1, 6.57 and 3*28 
— 1Me.sec. , the increases in conductance of a solution of
— 3 — 1concentration 1 x 10 mole 1. were 2400%, 600% t and 150%, 
respectively, above the corresponding low-frequency conductances. 
With such large effects, the value of the low-frequency 
aolar-conductance at infinite dilution was considerably exceeded 
and Hiegemann was unable to account theoretically for these 
results.
fl4]Measurements by Gaertner on magnesium sulphate
in glycerol containing 4% water, at a concentration of
— 2 —1 —13.6 x 10 mole 1. , and a frequency of 20 Me.sec. showed
an increase in conductance of some 500%. Similarly, for
solutions of magnesium sulphate and barium ferricyanide in
r 1
50% sugar solution, Neese found increases in conductance
of about ten times the theoretically predicted values.
Neese offered no explanation for this anomalous behaviour, 
but Gaertner considered that such effects were purely ionic 
in origin and not due to anomalous absorption by the solvent.
ri7i
Van der Hammen interpreted deviations from
theoretical behaviour,found with aqueous solutions of 
barium ferrocyanide and triethylenediamine cobaltiferricyanide, 
both of which are incompletely dissociated, in terms of 
association of the individual ions to form fairly large 
dipolar species which gave rise to anomalous dipole 
absorption. Magnesium sulphate, on the other hand, did not 
show such deviations since it is only slightly associated in 
dilute aqueous solution, and because any midissociated 
molecules which do exist have a very much smaller dipole 
moment due to their smaller size. The frequency used was 
37.5 Mo.sec.'1
n 8i
In 1936 Arnold and Williams tried to review the
experimental studies of high-frequency conductance measurements 
which had been made up to that time. However, any 
comparison between the results of different authors was 
rendered difficult by the wide range of experimental 
conditions used. They therefore carried out a much more 
extensive experimental investigation of the Debye-Falkenhagen 
effect than had hitherto been attempted. They made 
measurements, using a comparator-resonance method similar
- r 51to that of Sack,, at seven frequencies in the range
-11.7 to 20 Me.sec. t and were primarily interested in a 
comparison of the magnitudes of the conductance increases 
for electrolytes of as many different valency types, and 
containing ions of as many different sizes, as possible.
Only to a lesser extent were the effects of concentration 
changes investigated. The results obtained showed overall
agreement with the general requirements of the theory; the.
dispersion of conductance increased with the valency product
of the electrolyte and with the frequency, but a more rigorous
comparison with the theory is prevented by the very restricted
study of the concentration dependence. Even with the most
highly-charged ions, Arnold and Williams neglected any
consideration of incomplete dissociation.
The theory of Debye and Falkenhagen predicts that the
dispersion of conductance should be temperature dependent.
[19]This has been demonstrated experimentally by Geest for
aqueous solutions of magnesium sulphate, lanthanum sulphate,
and calcium ferrocyanide, at various temperatures between
o -10 and 50 C, and at a frequency of 37.5 Me.sec. Deviatxons
from the theoretically calculated values were found to
increase with the valency of the ions and with the temperature. 
f20lHarada on the other hand, found that for magnesium sulphate
oin glycerol-water solution, the results at 25 were in agreement 
with the theory while inexplicable deviations occurred at 
-20°C.
The high-frequency conductances of polyelectrolyte
r 21]solutions have been measured. Chadwick and Neale studied
the polyelectrolyte sodium polymethacrylate in aqueous
solution, and found that increases in conductance occurred.
at much lower frequencies than would be expected for normal
electrolyte solutions of comparable concentration. For the
above electrolyte, increases became noticeable at about 0.1 
-1 . .Me.sec. while with potassium chloride a frequency of
-1about 10 Me.sec. was required for similar increases. The
alternating field causes displacements of* "tlie polyions within
their cylindrical ion atmospheres, and it was suggested that
the rate of recovery from displacements in the direction
of the axis of the polyion would be relatively slow, since the
ionic atmosphere retains its cylindrical.symmetry and the
restoring force is therefore small. The relatively long
relaxation time which results gives rise to the conductance
increases at lower frequencies.
f22lShirai and Tamamushi measured the high-frequency
conductances of aqueous solutions of sodium dodecylsulphate, 
sodium oleate, and dodecylaminehydrochloride at 15 and 30 Me.sec. 
For these colloidal electrolyte solutions, unusually high 
values of the high-frequency dispersion effect occurred at 
concentrations corresponding to the critical micelle formation. ; 
The formation of large ffionic micelles11 modifies the ion 
atmospheres and gives a longer relaxation time.
Owing to the wide range of experimental conditions 
under which most of this work has been carried out, it is 
not possible to draw any definite conclusions or even to 
compare the results of various investigations. It can be 
said, however, that deviations from theoretical behaviour have 
been found in many cases, particularly with solutions in 
non-aqueous solvents and with electrolytes containing ions 
of higher valencies. Incomplete dissociation is also most 
likely to occur with systems of this type, and there is 
the possibility of a connection between incomplete dissociation 
and deviations from the Debye-Falkenhagen theory.
In the original theory, and in most of the early
experimental work, incomplete dissociation was ignored,
fooi r 2sh~\
but more recently Pearson and Griikerson have considered
the effect of the high-frequency electric field on the
equilibrium between inn-pairs' (ex'* molecules) and free ions
in solutions of weak electrolytes. Increases in conductance
greater than those calculated from the Debye-Falkenhagen theory
are to be expected where this mechanism operate©,, and Nanney
and Gilkerson have shown this to be the case for solutions
of acetic acid in water, and for tetra-n-butylammonium picrate
in chlorobenzene and in 50 mole %  bensene- d-dichlorobenzene
solvent.
The present work was undertaken to investigate the 
effect of radio-frequency alternating electric fields on the 
conductance of dilute aqueous solutions of some bi-bivalent 
metal sulphates. These salts are known to be incompletely 
dissociated,even in very dilute solution, and it was thought 
possible that effects similar to those predicted by 
Pearson and Gilkerson might be measurable.
P A R T  I.
S E C T I 0 N  2.
THE THEORY OF HIGH-FREQUENCY CONDUCTANCE.
According to the interionic-attraction theory
of Debye and KuckelJ-2^  the distribution of ions in an
electrolyte solution is not an entirely random one. As a
result of the Coulomb forces which act between pairs of ions,
the presence of an ion at a given point in the solution will
affect the distribution in space of the other ions in its
vicinity. Each positive ion will tend to attract negative
ions, and repel other positive ions so that it will be
surrounded by a region which contains, on a time average,
more negative ions than positive ions. Similarly, a
negative ion will be surrounded by a region containing more
positive than negative ions. This region of opposite
charge surrounding each ion in solution is called the
”ion atmosphere” and the total charge in the atmosphere is
equal, but opposite in sign, to the charge on the central
1ion. The thickness of the ion atmosphere j- was shown by 
Debye and Huckel to be inversely proportional to the square 
root of the concentration.
So long as the system is stationary, the central 
ion is symmetrically situated in its atmosphere. When the 
central ion moves under the influence of an external electric 
field, the spherical symmetry of the atmosphere is destroyed 
and the ion has to build up its atmosphere in front of it 
while the charges behind gradually revert to a random 
distribution. There is thus a density of charge which is 
too small before and too large behind the ion, and hence 
a net force which opposes the motion of the ion, since the
ion and its atmosphere are of opposite charge. This force 
becomes more and more important the greater the velocity 
of the ions, since.the asymmetry of the atmosphere then 
becomes greater, and it is known as the "asymmetry58 or 
"relaxation” effect of the ion atmosphere.
A second factor which affects the mobility of an 
ion is the "electrophoretic" effect. The applied electric 
field tends to move the ion atmosphere and its associated 
solvent molecules in a direction opposite to that in which 
the ion, and its associated solvent molecules, itself, is 
moving. The central ion is thus moving, not in a 
stationary medium, but in one which is flowing in the 
opposite direction, and this increases the resistance to the 
movement of the ion.
Finally, apart from the effects of its atmosphere, 
the migration of the ion is opposed by the normal frictional 
resistance of the medium which is determined by Stokes law, 
and depends upon the speed of the ion u, its radius r, and 
the viscosity of the medium r). This frictional resistance 
is given by:
f = 67i:rrju.       (1.2)
On the basis of these arguments, Debye and Httckel
were able to show that both the relaxation effect and the
electrophoretic effect were dependent on the thickness
of the ion atmosphere^and hence proportional to the square-
(-271root of the concentration, and later, Onsager showed
that the square-root law, found experimentally by Kohlrauschj 
was the correct one to explain the linear change in
electrical conductance of dilute solutions of electrolytes
with concentration.
In addition to a definite thickness, the ionic 
atmosphere also possesses a finite time of relaxation; 
the atmosphere can he neither created nor destroyed in an 
infinitely short period of time* If the central ion were 
suddenly withdrawn from the solution, the atmosphere would 
begin to disappear, since it owes its presence only to the force 
field of the central ion, and a random distribution of ions 
would eventually result. The time required for the change 
from a random to a quasi-regular orientation^with respect 
to the position held by the central ionf is the time of 
relaxation of the atmosphere* If the change occurred 
spontaneously, there would be no asymmetric charge distribu­
tion and hence no electrical force of relaxation.
Debye, Huckel and Onsager considered only the case of 
a stationary electric field, so that the ions would move in 
one direction continuously. If the electrolyte is placed 
in an alternating electric field, each ion then executes a 
to-and-fro motion with the same frequency as that of the 
field. If the frequency of the field is low, the ionic 
atmosphere will have in each moment an asymmetry of charge 
distribution which corresponds to the velocity of the ion, 
and for very low frequencies the electrical force of 
relaxation is the same as for the stationary case. At the 
other extreme, where the frequency of the field is very high, 
the period of oscillation of the ion is comparable to the
time of* relaxation of the atmosphere and there is .
insufficient time for the asymmetry of charge to be completely
established. The relaxation force thus decreases with
increasing frequency of the field, and since this force ...
opposes the movement of the ion, it is evident that an
increase in mobility of the ion, and hence in conductance,
will occur at frequencies where the relaxation force begins
to diminish. In other words, a dispersion of conductance
must exist for radial frequencies of the order
0) = 27tf; = i  , .......    (1.3)
-lwhere f is the field frequency in c.sec. , and &  is the 
relaxation time of the atmosphere in seconds.
The importance of the relaxation time was first 
pointed out, in 1928, by Debye and Falkenhagen who
derived an expression which enabled them to calculate these 
times for certain simple electrolytes. At 25°C, the 
relaxation time is given by the equation!
«■ . secs.,    (l.%)
€ . Ao
where D is the dielectric constant of the solvent, C the
equivalent concentration of the electrolyte solution, and
A o  the limiting equivalent conductance of the pair of ions
at infinite dilution. For symmetrical electrolytes,
(2^ = ), C./\o is independent of Z.
Table 1 shows the relaxation times and corresponding
frequencies for various electrolytes of different valence
— 3 —1types, each at a concentration of 10 equiv. 1. , and at 
25°G. is- aqueous solution.
TABLE 1
T = 25°C C = 10
-3 . ,-1 equiv. 1.
Electrolyte Valency Type 0
<
7
10 Relaxation 
. time,sec.
Corresponding 
frequency,
Me. sec.”'*’
KC1 1 - 1 149.9 0.459 21.8
MgClg 2 - 1 129.4 0.537 18.6
MgSO^ 2 - 2 133.06 0.523 19.1
LaCl^ 3 - 1 145.8 0.477 21.0
K, F e (CN) /-4 o 1 - 4 184.5 0.377 26.5
LaF e ( CU ) g 3 - 3 168.9 0.411 24.3
m
According to the theory of Debye and Falkenhagen ^ J
the molar conductance, A  w, at any given angular frequency (0
* — 1
and concentration C moles 1* , can be computed from the relation­
ship;
A  a) = A o  -Alw - A l l  ................  (1.5)
In the Debye-Huckel-Onsager equation, A , A o / T = A i0, a „ /TrAlI.JL u
Here ,/Co is the molar conductance at infinite
dilution, Alu) is the result of the electrical force of 
relaxation, and. All results from the electrophoretic force, both 
expressed in molar conductance units, at this concentration.
The mathematical treatment of Debye and Falkenhagen 
leads to the following expression for the relaxation term,
* )ziZ2|e2K/Co TCitO, «•, q) ............ (1.6)A in) = 3DkT
where, ^ C(a>T *0*, q) =
* ~ 1\2 2_2 
(1— ) +u) -6“q [(l-~) (H-~) + W&Qq yq
■~*l *1
R = ^ I (l+o)2-©-2)2 + 1 J  ................. (1.8)
J z L
Q = i f(l+a)2e-2)^-l T  ....................  (1.9)
s/2 L .
1,Z0 + 10Z
q -  ...■■■■ - ■'    """*p • Z-, Z9 = for Z_ s= Zp ••••••(1.10}
< W (11Z2 +13Z1 >
_ /8n;Ne2 X 2
VIOOODkX/
JL
I 2   (1.11)
and .0)6- = 0'*0**?8S-L ................ ...... (1.12)
A o  c
Here, A o ,  -0", U), f, C and D are as defined previously 
while the remaining symbols have the following significance, 
k is the Boltzmann constant, T the absolute temperature, 
e the electronic charge, K t h e  reciprocal of the thickness 
of the ion atmosphere, N is Avagadrofs number, 1^ and 1^ are the 
mobilities of ions 1 and 2, and Z^ and are their 
respective valencies. I, the ionic strength of tie solution, 
is defined b y :
I = + <?2Z22)...................... . (1.13)
where and G* are the concentrations of the ions in moles 1. ^ 
For symmetrical electrolytes, I = C Z  .
The dependence on frequency appears in the term (^o),-©-, q) 
The stationary field case, treated by Debye, Hiickel and 
Onsager, may be considered to be a particular case of the 
general problem, when the frequency of the alternating 
field becomes zero.
For o) = 0, X  (w,-©-, q) =     (1.14)
1 +
.* |z Z |e2KA*o ,*
and/\Xoo = ----— ............... - A l o   ..........  (1.15)
3DkT . 1 +/q"
According to Debye and Falkenhagen, only the 
relaxation term is frequency dependent; the electrophoretic 
term is independent of frequency and is thus the same as in 
the stationary,case: ■ 0 i
a * < K !  * i g  )F2 K
/ \ IX — 1 ■ ■ \ i , J.O ^
6 tc r) N
where F is the Faraday constant and r) the coefficient of 
viscosity of the solvent.
The percentage increase in conductance, A A%, is
thus given byr
-■ A*?°
A
X 100 ..........   (1.17)
a>= o
A theoretical examination of the effect of concentration,
temperature, dielectric constant, and valency of the ions,
rpAl r?Ql
is given by Falkenhagen and Williams, " and Falkenhagen.
The original theory considered the ions only as
point charges of zero radius. The effect of finite ion
sizes on high-frequency conductance has been considered
by Falkenhagen, Leist and K e l b g ^ ^  by the introduction of
the 1 ja1-parameter, defined as follows. In the equation
for the potential of the jth ion, of diameter a , the term 
X
— —   occurs. For the electrolyte AB, in which
1 + Ka .
3-f- M
r(A ) = a ., r(B ) = a define a mean diameter a by:i j —
2 1 1 .
+1+fta 1+Ka. 1+K.a .
i 3
2a.a. _ _
i * ® sJ b. •  ......... .....(1.18)
a .+a . J
* J
Two ions cannot approach nearer than the distance 
r = a^, and hence there never can be any charge inside a
sphere of radius around a reference ion, except that of 
the reference ion itself. Hence .a may be considered as 
the distance at which the atmosphere begins, or as the 
distance of closest approach, or cent re--to-cent re distance, 
of two ions at contact.
Both the relaxation and electrophoretic terms are 
modified; the new relaxation term becomes?
A m ,
3DkT (1-q) ^ +q^co^e^' Ka (1+Ka )
j( 1-q) cos (KaQ/q) + qcoesintKaQ/q] -(X-
............   (1.19)
while the electrophoretic term is modified tos
A\,. Ji_    (1.2o,
6rc rj M 1+Ka
Using equations(1.19) and (1.20) together with equation (1.5)
the molar conductance at any given frequency and
concentration may be calculated using a suitable value of
_a. If _a in equations (1,19) and (1.20) is set equal to
zero, the simpler Debye-Falkenhagen terms (1.0) and (1.16)
are once again obtained.
The equation of Falkenhagen, Leist and Kelbg with
suitable values of the ayparameter has been used throughout
the work described in this thesis.
Table 2 shows values of the conductance calculated
for aqueous solutions of potassium chloride at various
concentrations and frequencies,using for /\o the value
riii1^9.92 found by Davies, and for the a-parameter
the value 3.14 X, which is the sum of the crystallographic
radii. For uni-univalent electrolytes the increases in
conductance are small, even at 50 Me.sec.~ The percentage
increases in conductance a /\$, for the same concentrations and 
frequencies are shown in Table 3.
TABLE 2■ ■■ —■« —« , ■ Q
High-frequency conductance of aqueous KC1 solutions at 25 C,
A o  = 149.92 a = 3.14 £
Is.
10 *Concn. 
itoles 1. ^ :
Frequency Me.sec.~ 1
0.001 1 5 10 30 50
1 148.99 149.08 149.20 149.24 149.28 149.29
2 148.61 148.67 148.83 148.90 148.98 149.00
4 148.08 148.11 148.28 148.39 148.53 148.58
8 147.33 147.34 j 147.49 147.62 147.85 147.94
12 146.76 146.77 146.88 147.02 147.30 147.43
16 146.29 146.30 146.38 146.51 146.83 146.98
20 145.88 145.88 145.95 146.07 146.41 146.58
TABLE 3
Percentage increase in conductance of aqueous IDC1 solutions
at 25°C.
A o  = 149.92 a = 3.14 S
4
10 Concn.
moles 1. ^
-1Frequency Me. sec.
1 5 10 30 50
1 0.06 0.14 0.16 0.19 0.20
2 o.o4 0.15 0.19 C.25 0.26
4 0.02 0.14 0.21 0.31 0.34
8 0.01 0 • H H 0.20 0.35 0.42
12 0.01 0.08 0.18 0.37 0.45
16 0.00 0.06 0.15 0.37 0.47
20 0.00 0.05 0.13 0.36 0.48
The method of calculation described by Fuoss and 
f32]
Accascina enables a^ to be determined for an electrolyte,
P *1
from its conductance data. The Fuoss-Onsager 0 extended
conductance equation.(1955) considers ions as charged 
spheres rather than as point charges, and taked the
form 1
A  =Ao - s &  + EClog C + J(a)C ............... (1.21)
where S = A ^ o  + Ag ........................   . ... (1.22)
E = (K2a2b2Ao - 1.5 KabA2i/c)/10.423C......  (1.23)
A^ and Ap are the coefficients in the Debye-Kiickel-
Onsager limiting law, equation (l*l)
2 2
[33]and J(ca) is a complicated function of
Solving the limiting conductance equation:
A  = A 0 - (axA o  + Aa> ^ ...................... (1. D
for A  a, gives;
/{ / \  + -^ 2
/ \ o      (1.25)
1 - A - f C
A*/\q is calculated for each concentration and plotted 
against concentration to give a preliminary value of.Ao 
as the intercept at C = 0,which is then used to calculate 
S and E in (1.21), Rearranging (1.21) to give;
A = A  + SyAJ - SClog C = A o  + J'(ja)C,  ........ (1.26)
calculating A from the data, and plotting/\ against
concentration, gives the final value of A c  as intercept 
at C = 0 and J 1 (a.) as slope.
J (a) may be calculated for chosen values of a_ and 
the interpolated value appropriate to J* fixes _a .
For the alkali halides, a_ is close to the sum of the
[321ionic crystal radii; for example;
a, £ Xri 
KCI 3*07 3.l4
IG3r 3.26 3*28
Id 3.50 3.50
Equation (1.21) is valid up to concentrat ions corresponding to 
Ka = 0.2 which corresponds to the following limiting 
concentrations:
TABLE 4
a ,2 K* cm . ^
-1Concn. mole 1.
Z = 1 Z = 2
3 0.06? 0.041 0.010
10 0.020 0.0037 0.0009
14 0.014 0.0018 0.00043
The value of _a chosen in the Falkenhagen, Leist and 
ICelbg equation is not critical; a 10% change in a_ causes a 
change of only 0 .01% in/\oo.
Table 5 shows a comparison between the audio.-frequency 
(1 KC. sec. ’"’**) equivalent conductances of potassium chloride
r 3 i i
measured experimentally by Davies, J and the corresponding 
values calculated from the Onsager limiting law, and from the 
Falkenhagen, Leist and Ilelbg equation with the frequency 
set equal to 1 Kc.sec,. , and an a-value of 3.142 . The 
latter equation gives a slightly better fit to the experimental 
data, particularly at the higher concentrations where deviations 
from the Onsager equation begin to occur.
TABLE 5
Comparison of experimental and calculated conductances of
aqueous XC1 solutions at 25°C.
/\o = 149.92 _a = 3.14 2 freqy. = 1 Kc.sec*"^
4^
10 Concn.
7 i -1moles 1.
A
experimental
/ \  calc * d.
Onsager
/ \  calc * d. 
F - L - K
1.9825 148.61 148.60 .148.62
3.0907 148.29 148.27 148.30
4.1381 148.10 148.01 ■ 148.05
4.9013 14-7.88 147.84 147.89
5.2151 147.81 147.77 147.82
6.OO93 147.58 147.61 147.67
8.1535 14-7,30 147.23 147.30
9.8869 147.09 146.96 147.05
11.832 146.73 146.68 146.78
13.148 146.53 146.50 146.62
17.820 146.07 145.94 146.10
19.660 145.91 145.74
.................. - --- - ----------
145.92
1
The low-frequency conductance of incompletely dissociated 
electrolytes (ionophores).
The Debye-Huckel theory of interionic-attraction can 
be satisfactorily used to interpret the thermodynamic 
behaviour of very dilute solutions of electrolytes in which 
mainly long-range interionic effects are important, but at 
higher concentrations, when the ions are closer together,
the approximations of the Debye-Huckel theory are no longer 
valid. The energy of* mutual electrical attraction between 
oppositely charged ions may be considered greater than the 
thermal energy which tends to maintain a randoEi distribution 
This is particularly true of electrolytes containing small, 
highly-charged ions and results in the formation of a new 
entity in the solution, the ion-pair, persisting through 
a number of collisions with solvent molecules. The concept 
of ion-pairs was introduced by Bjerrum^^ in 1928. For a 
symmetrical electrolyte, the ion-pairs have no net charge 
and are supposed not to contribute towards the conductance 
of the solution, while all remaining unpaired ions contribut 
as free ions modified by the ion atmosphere effects, 
according to the Onsager theory. The ion-pair should, 
however, have a finite dipole moment.
Those substances, like magnesium sulphate, which in 
the pure state are made up solely of ions arranged in a 
periodic crystalline lattice are known as "ionophores".
These substances contain no neutral molecules which can 
dissociate and the primary act in the formation of ion-pairs 
must be one of association of the free ions.
MZ+aq + XZ~aq --- * M Z + X Z ~  .......... . (1.27)' V"’"
free ions ion-pair
On the other hand, substances such as acetic acid, 
which do exist as neutral molecules in the pure form, are 
known as "xonogens", and can produce ions by some sort of
dissociation process to give conducting solutions in
certain solvents. The primary act here is one of reaction 
of* the neutral molecule with the solvent, forming a 
molecular complex which rearranges to an ion-pair. This 
ion-pair finally dissociates into free ions,
h a --» H+A~  -- * Piter + Alrr...................... (1,28)
neutral ion-pair free ions 
molecule
The first successful attempt to allow for the effect
[351of ion-pairing upon conductance was due to 0,1‘J. Davies*
It is assumed that the ion-pair is non-conducting, that its 
activity coefficient in dilute solution is unity and that 
the free ions obey Onsager1s limiting equation. If the 
degree of dissociation of ion-pairs for a symmetrical 
electrolyte, at an equivalent concentration C, is (X, then
-i Athe equivalent conductance at 1 Kc.sec. , / \ , can be 
related to A o and C by:
A = a [ / \o  -  (A-jAo + a 2 ) JaC_ (1.29)
where A^ and are the constants in equation (l.l).
To evaluate a, an iterative method is used; taking 
'|l^ a s  the first approximation, aQ, gives:
OC -e - m  r —  I rt— nr— (1*3 ^
A A o-CAj^ Ao + AjJ/AC
V A o
where is a closer approximation. Using as the 
second approximation gives:
ao — , " 1 1   1 ~ ' ' . ."** * 0,*««,,O9 ,•••«,., O (l,3l)
^ A o -Ca ^ o + a 2)/o^ c
The iteration rapidly converges to a constant value 
for a. Davies^ 6] use(j this method to evaluate an ion-pair
dissociation constant, for the equilibrium (1,27).
„ Ca f+
ixa = ... —      (1.32)
Z(1 - a)
where f+ is the mean ion'activity coefficient of the free ions, 
and 2 is the valency of each ion. If the ions are assumed to
obey the Debye-Huckel limiting law, then:
log10 f+ = -0.509|z1Z2| I* ..................... (1.33)
O
The final value of K^, K^ .f is obtained by extrapolation 
to C = 0.
For aqueous solutions of magnesium sulphate at 25°C , 
o
Davies obtained = 0.0059? tor various concentrations, 
corresponding values of f+ and a are listed in Table 6.
TABLE 6
4 — 1 10 Concn. mole 1. f+ (1.33) a
1 0.914 0.986
5 0.824 0.948
10 0.765 0.917
20 0.693 0.880
The high-frequency conductance of incompletely dissociated
electrolytes.
Debye and Falkenhagen considered only the case of 
completely dissociated electrolytes. The first modification 
which must be made, is that in the equations for the 
high-frequency effect, the concentration to be used is 
the ionic, and not the stoichiometric concentration.
The main difficulty in the application of the
Falkenhagen, Leist and Kelbg equation to incompletely 
dissociated electrolytes is the choice of the value to 
be used for the _a~ parameter . This is governed by the 
distance to which the two ions may approach each other 
before they constitute an ion-pair,. since the ion-pair is 
not subject to atmosphere effects and neither paired ion 
can take part in the formation of the atmospheres of other 
ions.
Bjerrum, taking as his model an electrolyte completely 
dissociated into rigid•spherically-symmetrical ions, plotted, 
for dilute solutions, the probability of finding an 
oppositely charged inn at a given distance r from a 
central ion. The curve shows a flat minimum at a 
distance r = cr, where the mutual potential energy of the 
two ions is equal to 2kT„.
|z,zje2
q = L L _ £ _       (1.34)
2DKT
Bjerrum proposed that all pairs of ions separated 
by distances less than q should be treated as ion-pairs, 
while all other ions are free, although a fast moving 
ion might momentarily come within this distance of another 
and pass by without forming an ion pair.
For aqueous solutions at 25°C, q = 3«57 
Thus for uni-univalent electrolytes the critical distance 
is 3.572, while for bi-bivalent electrolytes the value 
is 1 -^.28S.
The continuous distribution involved in the Bjerrum 
theory neglects the discrete molecular nature of the
solvent, and there appears to be an abrupt transition from 
paired to free ions at a distance of separation,r = q.
r■ Denison and Ramsey, and Fuoss, suggested that
two ions should be considered to form an ion-pair only when 
they were in actual physical contact, with no solvent 
molecules between them. Both the Bjerrum and Fuoss-Ramsey 
types of ion association are. based on the *fsphere in a 
continuum11 model; the ions are considered to be rigid 
spheres contained in a continuous,structureless solvent 
medium which can be characterised by its bulk properties, 
particularly its dielectric constant and viscosity. In the 
process of ion association according to the Fuoss-Ramsey model, 
the solvent is pushed away from between the ions until 
actual ion-ion contact occurs, as in the potassium halides.
Both of the above models seem inadequate if the 
molecular structure of the solvent is considered.
A third approach to the problem has been suggested 
by S i g e n ^ ^  from an analysis of ultrasonic absorption data 
for bivalent metal sulphate solutions. Eigen proposed the 
concept of outer- and inner-sphere ion-pairs. In the 
outer-sphere pairs, one, or at most two solvent molecules are 
interposed between the interacting ions, while in the inner- 
sphere case the ions are adjacent to one another. The 
discrete nature of the solvent cannot be ignored and its 
inclusion leads to the hypothesis of a number of different 
ion-pair species in equilibrium, none of which contribute 
to the conductance. The miniEium distance at which the 
ions are considered to be free is thus the sum of the ionic radii
plus tlie diameter of two solvent molecules# For manganese(ll)
r /j-0 "|
sulphate in wafer, Atkinson and Kor have assumed the
value of 9.8 2 while Atkinson and P e t r u c c i ^ f o u n d  the 
value 10.% 2 from ultrasonic absorption work on magnesium 
sulphate.
Depending upon the model invoked, there is thus 
considerable latitude of choice in the value of the distance 
at which ions are deemed to constitute an ion-pair, and 
hence the proportion of the ions treated as free or associated 
is to some extent a matter of taste. We have the value 
of 1% 2 for the Bjerrum critical distance, approximately 
10 2 for the Eigen value, and the centre-to-centre distance 
of the contact pair which is of the order of 4 2 .
In the present work the effect of the choice of a.- 
value in the Falkenhagen, Leist and Kelbg equations has 
been investigated theoretically. Table 7 shows calculated 
values for the conductance of magnesium sulphate solutions 
at various concentrations and frequencies. These values 
are calculated for 25°C using an a-value of 14 2. The 
effect of incomplete dissociation has been allowed for by 
using for the values of concentration, not the stoichiometric 
concentration but the ionic concentration calculated with 
the aid of the law of mass action, and the ion-pair 
dissociation constant of the salt; the value 0.0062 found
ruzlby Dunsmore and James was used. Activity coefficients
were calculated by means of the extended form of the 
Debye-Huckel equation, which also contains the a-parameter.
-log10f+ = -------     -.......  (1.35)*x
l+Bai.2 
3
w h e r e  A = (10Oo) ? 3031-V2 # ~ ~ .........  (1.36)
J (DTP2 (DT)' 2
and B = (^ § § y )2 • — — ±  = 3°.29x10^ ............. (1.37)\1000k/ (dt)2
TABLE 7
oHigh-frequency molar conductances of MgSO^ solutions at 25 C,
A o =  266 a = 14 2 Ed = 0,0062
410 ‘Concn.f 
noles 1. ^
Frequency, Me.Sec. 1
0.001 1 5 10 30 50
1 253.88 254.56 256.19 256.82 257.54 257.77
2 247.92 248.29 250.15 251ol5 252.44 252.87
4 239.22 239.38 240.98 242.34 244.42 245.19
6 232.55 232.64 233.91 235.35 237.95 238.99
8 227.02 227.08 228.09 229.50 232.44 233.70
10 222.27 222.31 223.12 224.45 227•60 229.05
Table 8 shows the effect of variation of a_ on the
molar conductance of magnesium sulphate solutions at 
o25 C. Values of conductance are given for a-values of 
14,10 and 4 £, at frequencies of 1 Kc.sec. ^ and 50 Me.sec. 
A large increase in _a, from 4 to 14 X, causes a relatively 
small increase in conductance, the maximum being 1.0% at 
the highest concentration, and only 0 ,2% for the lowest 
concentration. Table 9 shows values of the percentage
dispersion of conductance of *nagnes±uin s u l p h a t e  solutions,
oat 25 C, for the values of used aLove, and at frequencies
-1of 1, 10f and 50 Mc.sec. It will be seen that the effect
-1of changing xs very small; at 1 Mc.sec. , the change
in A/\ for a change of a_ from 4 to 14 2 is less than 0*01%, 
-1at 10 Me*sec. the change is about 0*01%, while even at 
-150 Me. sec. the maximum change is only 0*03%.
TABLE 6
Calculated molar conductances for MgSO^ solutions for 
different values of a.
410 Concn.
-1moles 1.
0.001 Me.sec 50 Kc.sec -1•
a==l4l& _a=l°S t! £0 a=l4&
030H11d!
0311<S|
1 253.88 253.70 253.40 257.77 257.60 257.32
2 247.92 247*60 247.08 252.87 252*57 252.06
4 239.22 238.71 237.84 245.19 244*70 243.84
6 232*55 231.91 230.79 238*99 238.37 237.27
AO' 227.02 226.30 225.00 233.70 232*99 231.70
10 222.27 221.49 220.06 229.05 228.2/ 226.85
1
TABLE 9
Variation of percentage increase in molar conductance of*
■MgSOy solutions with a_
410 Concn. 
noles 1.
IMc sec. ’-1 lOMc.sec. -1» 50Mc.sec -1»
ii H rff 
|
it o a=4 . a=l4 a=10 a=4 ' a=l4 a=10 a=4
1 0.28 o ft CO CO 0.28 1.16 1.16 1.16 1.53 1.54 1.54
2 0.15 0.15 0.15 1.30 1.31 1.31 2.0Q to • 0 H 2.02
4 0.07 0.07 0.07 1.30 1.30 1.31 2.50 2.51 2.52
6 0.04 o.o4. 0.04 1.20
o
*
H
1.20 2.77 2.79 2.80
8 0.03 0.03 0.03 1.09 1.09 1.09 2.95 2.96 2.98
1C 0.02 0 . 0 2 0 . 0 2 0.98 0.98 0.98 3.05 3.06 3.08
P A R T  II. 
S E C T I O N  1. 
APPARATUS
Three types of conductance bridges were used to study 
a series of aqueous solutions. A Wheatstone bridge was 
used to measure audio-frequency conductance, while two 
transformer ratio-arn bridges were used for the measurement 
of radio-frequency conductance. A special, combined 
low-frequency-high-frequency conductivity cell was designed 
and used. The three types of conductance bridge will be 
described separately.
(i) Audio-frequency conductance apparatus.
The conventional Wheatstone bridge method was used 
for the measurement of low-frequency conductance. The 
circuit details are shown in Figure 1. The bridge 
consisted of a straight wire, AB, of low temperature- 
resistance coefficient, stretched over a metre scale, 
greater accuracy of measurement being achieved by attaching 
100 ohm non-reactive resistance end-pieces r^ and r^ to 
each end of the wire. The wire itself had a resistance of 
20 ohms, the whole arrangement being equivalent to an 11 metre 
bridge, so that each mm. of the wire had 1/11,000 of the 
resistance of the whole. The sliding contact, S, was 
made from a fine wire stretched across a perspex support, 
and the position of the cross-wire when resting on the 
bridge wire could be read to 0.5 mm. Two non-reactive 
resistance boxes R^ and Rg were used in series, one, a 
five-decade box manufactured by H.W. Sullivan of total 
resistance 11,111 ohms in steps of 0.1, 1, 10, 100 and
1,000 ohms, and the other, a Tinsley four-decade box of 
total resistance 111,100 ohms in steps of 10,100, 1000
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and 10,000 ohms. Thus a total resistance of about 122,000 
ohms coLild be measured directly. In parallel with the 
resistance boxes, a Sullivan four-decade mica condenser C, 
of 1 jiF total capacity, was connected, by means of which 
the capacitance of the cell could be balanced out.
The conductance cell was connected in the remaining 
arm of the bridge and the cell and resistance boxes could 
be interchanged in position, with respect to the bridge wire, 
by means of a mercury—pool, wood-block commutator so that 
two positions of balance, of S, could be obtained.
For measuring very high resistances, as for example 
when measuring the conductance of the conductivity water, 
the bridge could be nshorted” by shorting out one of the 
two extension resistances, and leaving the commutator in 
one position. The centre-point of the bridge wire then 
corresponded to a ratio of about 1/11 for the resistance 
of the box to that of the unknown* With this form of the 
bridge an accuracy of about 0.2% could be obtained.
A Solartron oscillator, type 0.S.101, of variable 
audio-frequency, was used as the bridge source, situated 
some way from the bridge to reduce pick-up of stray signals 
by the bridge network, and connected to the bridge by means 
of screened cables. As a check on the symmetry with respect 
to earth, the oscillator leads were reversed. The maximum 
difference in resistance measured was 0.03%#
The bridge detector was a Solartron catliode-ray
oscilloscope,type CD 5 1 3.2, with a maximum sensitivity of
3L1 mV cm. . This was connected to the bridge by means
of screened cable*
The remaining bridge connections were made of thick 
coxoper wire. The resistance of the leads connecting the 
conductance cell to the bridge was measured directly by 
filling the cell with mercury*
i1 or tn e work described in this thesis, the bridge 
was not earthed in any way, and all of the apparatus was 
contained in a room thermostated to 2 k ° + 1°0*
Calibration of the bridge.
The bridge was calibrated by the method of Davies; ^ 33 
an N.P.L. standardised resistance box X was connected in 
the cell position and balanced against the bridge resistance 
box R^. 1000 ohms were ’’taken out” of each box and balance
positions of the sliding contact obtained for the two 
positions of th© commutator. These balance points were 
not coincident due to small differences in the values of the 
two extension resistances. The true bridge centre was 
found by taking a series of measurements for both positions 
of the commutator and calculating the arithmetic mean.
By increasing the resistance of by increments of
0.5 ohm, balance positions were obtained corresponding to the
1000.5 1001 1001.5 ^  ^  
ratios "Yc'bo - i q q o  « ~ 1000~  ’ etc"  o n  e l t h e r  s l d o  of
bridge centre. By plotting these ratios against the 
bridge readings, the ratio corresponding to any bridge reading 
could be interioolated.
The bridge was also calibrated for the measurement 
of very high resistances. One extension resistance (Tj)
■was shorted out and bridge readings corresponding to known 
ratios of resistance box to X, obtained*
(ii) Radio-frequency conductance apparatus*
Two Wayne Kerr transformer ratio-arm bridges were 
tised for the measurement of radio-frequency conductance*
A brief description of the principle of operation of this 
type of bridge will first be given, followed by a more 
detailed description of each of the bridges used* Finally, 
the complete circuit for the measurement of radio-frequency 
conductance will be described.
The transformer ratio-arm bridge
The value of an impedance Z is defined by the ratio 
E/I where E is the voltage across the impedance when a 
current X flows in it. Determination of an impedance 
by measurement of E and X directly is very difficult, since 
neither can be measured with sufficient accuracy* In 
practice, it is much easier'to compare an unknown impedance 
Z against a set of standard impedances Z using a bridge
U  &
circuit as a means of determining the condition of equality 
of voltages and currents.
Xf the subscripts u and s refer to unknown and 
standard respectively, then:
By division we have:
Z E I u u. s
Z ~ E I s s u
E IZ = u s Z ,0
u —  . —  * s .... ...............• (2.2)
"s u
This equation contains the product of two ratios
and is the fundamental equation for the comparison of 
impedances.
The basic circuit of the transformer ratio-arm 
bridge is shown in Figure 2, where once again the subscripts u 
and s refer to the unknown and standard sides of the bridge 
respectively.
An alternating current source is connected to the 
primary of the voltage transformer T^ , the secondary 
winding being tapped to give W and W turns. T^ is the
current transformer, the primary of which is tapped to give
and turns while the secondary winding is connected 
to a detector (tuned to the source frequency).
IflThen the impedance Z is adjusted to give a null 
indication in the detector, zero flux is produced in the 
current transformer and there is therefore no voltage drop 
across its windings.
The voltages across the two impedances are E and E ,u &
therefore, the currents flowing in them are,
1 = E /r, and I = E      (2.3)u u/Z s s/Zu s
Lioi
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For zero core flux in the current transformer, the
algebraic sum of the ampere-turns must be zero.
Therefore I ¥* = I ¥* ..............     (2.4)u u s s
Substituting for I and I from (2.3),u s
E E
_a w« = wZ u Z s u s
E ¥*
or 2 = -=r£ . —  . Z ......................   (2.5)t u E t t • s ......... ......s ¥•s
If, for the moment, it is assumed that the 
transformers are ideal, the voltage ratio is equal to the
turns ratio, therefore 
¥  ¥*
Z = . ——- • Z (2.6)u ¥ w , s
s s
Thus, the relationship between the unknown and 
standard impedances contains two independent ratios, both 
of which can be varied.
In practice, impedances are seldom pure components, 
and in Figure 3 the unknown and standard impedances 
have been divided into their resistive and reactive
components. At balance, the in-phase and quadrature
v sura
ampere-turns separately wmssm to zero, hence the conductance
standard G and the reactance standard X may be connected s s
to different tappings on the voltage transformer to balance 
out
the currents caused by the unknown impedance.
For the conductance term, at balance, 
Gu = ( Gs .W s ) ^ _
(2.7)
¥ ¥* u u
If the product term inside the brackets is considered
to be the standard impedance, the same result is achieved
if the number of turns ¥ is fixed and the conductance Gs s
is given ten different values, or if the conductance is 
fixed and the number of turns given ten different values.
In the latter case, only one conductance standard per decade 
is required and this method is employed in the commercial 
bridge. Similar considerations apply to the reactance 
term which is given by;
X ¥ ¥ * /« o\X . s u u  . *. ............••••»•••••••• ( 2. o )
u ~ ¥ ¥* s s
In addition to this step-by-step adjustment of the
standards, continuously variable controls are also provided.
A continuously variable reactance control is provided by
means of an air-dielectric capacitor whose residual
capacitance is balanced by a pre-set trimmer connected to
a transformer winding of the opposite sense. A continuously
variable conductance control is provided by combining a
potentiometer in series with a fixed resistor.
The standards of capacitance and conductance are
rarely pure components, but since only one standard per
decade is required, it is a relatively easy matter to make
each of these effectively £)ure. Figure k shows a
capacitance standard Cg shunted by a leakage resistance
The effect of R^ must be removed leaving only the pure
quadrature component C , This is achieved by feeding as
current through a fixed trimming resistor R^ into the 
opposite side of the transformer. The current is arranged
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to give exact cancellation by adjusting the voltage taken 
from the pre-set potentiometer P.
A conductance standard can similarly be made 
effectively pure by cancelling out the unwanted quadrature 
current, flowing in the current transformer, by a quadrature 
current of opposite sign, the ampere-turns being made equal.
A capacitor is used as the trimming control connected to 
either the unknown or standard side of the transformer 
according to the sign of the unwanted reactance.
Any stray capacitances or leakage paths in the 
bridge can be removed by means of two"set-zero”or "trim" 
controls. A small variable air capacitor is used for 
the reactance control and a fixed resistor in series with 
a potentiometer provides the conductance trim control.
One of the main advantages of the transformer
bridge is its ability to measure directly the impedance of
one arm of a three-terminal network, providing directly
the resistive and reactive components without the necessity
for calculations. Figure 5 shows such a network applied
to the bridge. The impedance to be measured is Z , whileu
the effects of the impedances and Z ^  must be removed.
At balance, has no voltage across it and draws no current.
It cannot affect' the conditions for balance, and its only 
effect is to reduce the off-balance sensitivity by lowering 
the detector input impedance. This can easily be overcome 
by increasing the detector gain. The impedance loads
the soLirce, and at balance has the full voltage across it.
By drawing current through the source impedance it reduces
the applied voltage E . However, a shunt on one winding
of* the transformer reduces the voltages on all windings in
the Same proportion, and the ratio E is not affected.
U s
No balance error is introduced; the only effect is again
to reduce the sensitivity, which can be overcome by
increasing the defector gain or the source voltage.
A much more detailed account of the transformer
ratio-arra bridge and particularly the practical arrangement
f441of the commercial instrument is given by Calvert J and 
r 4 51
by Golding.
Transformer ratio-arm bridges have been usedfby
F461Gupta and Hills, and Calvert et alj- to measure the
conductances of concentrated solutions of electrolytes at 
audio-frequencies, without the use of contacting electrodes. 
The two high-permeability Mu-metal cores of the voltage 
and current transformers were linked by a single common 
turn consisting of a closed glass loop filled with the 
solution. The coupling between the transformers depended 
directly upon the conductance of the solution and was 
balanced by a variable conductance in the standard side of 
the bridge. The above method has been used with a 
variety of electrolytes from potassium ferrocyanide, 
through barium chloride to the uni-univalent electrolytes 
ammonium chloride and potassium bromide.
The Wayne Herr ' 3201 Bridge
The B201 bridge is a direct-reading capacitance-
conductance bridge designed for use in the range of
-1 -1frequencies 100 IIc.sec. to 5 Me,sec. Xt is supplied
■with alternative, fixed frequency, plug-in source and
? -1 -1 detector units, set at 100 lie.sec. and I Me.sec. , so that
it offers a coijspiBte measuring system, driven by an internal
power supply. Dummy plug-in units enable an external
source and detector to be used at any frequency within
the above range.
Two decade controls, using tapped transformers
and fixed G and C standards, provide the first two
significant figures and vernier controls are calibrated to
give the third and fourth significant figures of the
conductance and reactance respectively, so that a clear
four-figure read-out is achieved.
The accuracy of the bridge depends upon the
accuracy of the standards and the physical layout. High
quality - components are used throughout and are made
effectively pure by the inclusion of correction networks.
Any stray conductance and reactance in the bridge can be
balanced out for the chosen frequency, before measurements
are made,'.by means of the trim G and trim C controls, with
no components‘connected to the bridge terminals.
A source level control enables the amplitude
of the signal applied to the bridge to be adjusted,and a
gain control is included to speed the balancing procedure
when the order of magnitude of the iEipedance being measured
is not Imown, The gain and set level controls are increased 
as the final balance is approached.
The bridge covers the ranges 0,0001 pF - 0,1 p,F, 
and 0.001 [j,Mho - 1 Mho (1000 M ohm « 1 ohm), in six ranges, 
but for the conductances encountered in the present work it 
was only necessary to use two ranges, 100 to 1000 [iMho, and
1,000 to 10,000 p,Mho (10 K ohm to 1 IC ohm and 1 K ohm to
to
100 ohm respectively). Conductances could be measured + 0.5 
minor scale division,1 giving a precision of hh 0.05% or 
better; this bridge wajs used as supplied by the 
manufacturers, without adaptation.
The Wayne Kerr BBOl Bridge
The B801 bridge enables simultaneous measurements
of capacitance and conductance to be made at any frequency
“ &within the range 1 to 100 Me.sec.
The construction of this bridge is very much simpler 
than that of the B201 bridge; only one measurement range 
is provided, giving continuous coverage of conductances in 
the range 0 to 100 millirnhos and capacitances in the range 
0 to + 230 pF. Trim controls are incorporated for 
balancing out stray components, but unlike the B201, this 
bridge is not provided with set level or gain controls.
The discrimination of this bridge is 0.02 mi11imho, and 
preliminary experiments showed that this basic instrument 
was too insensitive for conductance measurements of 
sufficient accuracy to be made. The bridge was designed 
primarily to measure the capacitance and leakage (very low
conductance) of cables.
In order to improve the sensitivity of the bridge, 
both the circuit and mechanical systems were modified.
The original circuit is shown in Figure 6 from which it can 
be seen that there are two continuously variable conductance 
controls. One, the relatively coarse trim conductance 
control, consists of a fixed resistor, R22, in series with R21, 
a 500 ohm potentiometer; the other, a finer control, the 
conductance decimal control, consists of the fixed resistor, 
R25»in series with R24, another 500 ohm potentiometer.
The only difference between these two controls, is the 
difference in the values of the fixed resistors R22 
(1000 ohms) and R25 (5000 ohms). Thus, the larger the 
value of the fixed resistance, the finer the adjustment 
afforded by the control.
The modifications to the bridge will be considered 
in three steps.
(i) By interchanging R22 and R25 the roles of the 
two controls may be reversed, making the trim conductance 
control now the more sensitive.
(ii) The series resistance in the trim conductance 
control was increased to 11,000 ohms thereby increasing 
its sensitivity still further.
(iii) A 12:1 reduction drive mechanical unit was 
attached to the spindle of the trim conductance control 
potentiometer, and a digital readout attached to the shaft 
of the reduction drive. It was found that the digital 
readout changed by some 800 divisions for the full change
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of* resistance of* the potentiometer.
With these modifications, all subsequent measurements 
of conductance were taken from the trim conductance control 
using the digital readout; the conductance decade control 
switches were now used merely as coarse trim controls.
The bridge was no longer calibrated owing to the modifications 
carried out. It was thus necessary to recalibrate the bridge 
against 2mown conductances, and this was achieved using a 
reference electrolyte (see Part II, Section 3)#
The Complete Measuring System
A block diagram of the complete circuit used for
the measurement of radio-frequency conductance is shown
in Figure 7. The low-frequency electrodes of the
conductivity cell are shown connected to the Wheatstone
bridge while one of the W a y n e  Kerr bridges is connected
to the high-frequency electrodes.
The W a y n e  Kerr bridge is powered by a radio-
frequency oscillator covering the required frequency range,
a different oscillator being used for each bridge. The
-1B201 bridge was used in the frequency range 1 Me.sec. to 
— ■*
5 Me.sec. JL in conjunction with a Wayne Kerr 022D oscillator 
which supplied a sinusoidal output of 1.1 volt r.m.s., with 
the output attenuation switches set to +10 dB. The bridge 
and oscillator are shown in Plate I.
The BSOl bridge was used with two oscillators, 
an Airnec type 858, covering the frequency range 30 Kc.sec. /** 
to 30 M e . s e c . a n d  a Wayne Kerr bridge source, type Sl6lB,
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MARCONI INSTRUMENTS B»
TYPE 858OSCILLATOR
WAYNE KERR
PLATE I I .
WAYN E-KERR B 801 BRIDGE t BRIDGE OSCILLATOR , 
AND DETECTOR SYSTEM.
PLATE I .
WAYNE-KERR B 2 0 i BRIDGE AND O 22D OSCILLATOR
B 2 0 1  
B r i d g  e
0 22 D 
O s c i l l a t o r
Crystal
mixer
B r i d g e
oscillator
B S O I  
B r i d g  e
Local
osc i l l a to r
Tu ne.d
amp! i f i c r  
and 
null 
d e t e c t  o r
-1 -1covering the frequency range 5 Me„sec. to 100 Me.sec* % 
both oscillators gave an output of approximately 1 volt r*m*s. 
The S161B oscillator is specially designed for use with the 
B801 bridge, and a companion detector unit, type Rl6lB, is 
also available. It was found, however, that the sensitivity 
of this unit was insufficient for our purposes and an 
alternative detecting system was devised; the same 
detector system was found to be equally satisfactory with 
both bridg-es^
The output from the radio-frequency bridge was 
fed to a General Radio Co. radio-frequency crystal mixer, 
type 1232-PI, which was also connected to a local oscillator, 
a Marconi type T.F. 1246, used in conjunction with a 50 oto 
matching unit, type T.M.. 5726. The local oscillator was
-1tuned to the bridge oscillator frequency plus 100 Ec.sec. , 
and the 100 Kc.sec. intermediate-frequency output from 
the mixer monitored on a General Radio Co. type 1232A, 
tuned amplifier and null detector. This instrument was 
powered by an Advance Poi/er Module, type PM4, stabilised
power supply set at 12 volts, and gave continuous frequency
-1 -1coverage from 20 c.sec. to 20 Kc.sec. , with additional
-1 -1spot frequencies of 50 Kc.sec. and 100 Kc.sec. In the
-1present work, the tuning was set to 100 Kc.sec.
With care in the selection of the local oscillator
frequencies, the above detecting system could be used at
-1frequencies up to 50 Me.sec. ; higher frequencies were 
precluded by loss of sensitivity in the detecting system 
and the limited frequency range of the local oscillator
(40 Kc.sec. ^ to 50 Me.sec. )^ . Plate II shows the B80X
bridge , the Airmec oscillator, and the various units in the
detecting system.
A crystal-controlled frequency meter, ex-Services
type CKB-7^028, was used to tune the oscillators to the
desired frequencies, with an accuracy of about 0.02%. All
leads carrying radio-frequency current were constructed of
coaxial cable and terminated in screened coaxial connectors, 
-1and 50 c.sec. power supplies to all instruments were taken
from an Advance Voltstat, type CVM 250A, stabilised power
, -1 supply, giving 2^0 volts r.m.s. at 50 c.sec.
(il-n^he Conductivity Cell
The cell used in this work was specially designed 
to allow consecutive measurement,in situ,of both audio­
frequency and radio-frequency conductances. This was 
achieved by combining two pairs of electrodes in the 
same cell body. The cell is shown in Plate III.
The audio-frequency section of the cell consisted 
of a cylindrical cell body with a tapered ground glass neck 
over which fitted a ground glass cap. This cap carried 
the electrode supports and an opening, fitted with a ground 
glass stopper, which allowed small amounts of stock solution 
to be added, or nitrogen, free from carbon dioxide, to be 
passed into the cell. The measuring leads from the 
Wheatstone bridge dipped into two tubes of mercury 
immersed in the thermostat, and two further leads from 
these tubes dipped into a small amount of mercury in the
-63-
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electrode connection tubes of the cell. In this way, heat 
losses from the cell to the bridgefvia the leadsf iBsm were 
reduced to a minimum. The electrodes were of the dipping type, 
consisting of a pair of rigid parallel sheets of platinum,
1.5 cm. x 2 cm., sioaced about 1 cm. apart, and were lightly 
coated with Mplatinum black” to reduce polarisation effects.
The cap and body of the cell both carried location marks 
so that the position of the electrodes in the cell could be 
easily reproduced, and a filling level on the cell body 
ensured that the same volume of solvent was added to the 
cell at each filling.
The radio-frequency electrodes were another pair
of rigid, parallel platinum sheets, each 2 cm. x 2.5 cm.,
and separated by about 0.7 cm*, contained in a subsidiary
arm of the cell. This consisted of a cylindrical glass bulb,
of about h O ml. capacity, connected at one end to the main
body of the cell by thick-walled glass tubing, while the
other end carried a glass tap and a ground glass socket.
The leads from the electrodes passed through the sides of the
bulb by means of glass-platinum seals. Those electrodes
were also lightly blacked, although noticeable polarisation •
effects are unlikely to occur at the high-frequencies
-1used (1 - 50 Me.sec. ).
When using the Wayne Kerr radio-frequency bridges, 
it is adtrisable to keep the measurement leads as short as 
possible since long leads were found to cause changes in 
the apparent values measured. This is particularly true 
at the higher frequencies; the use of long leads (12 in.)
was also found to result in a considerable loss of sensitivity 
at frequencies above 10 Me0sec,"^
In order to keep the length of the leads» from the 
radio-frequency electrodes to the bridge,to a minimum, the 
subsidiary arm of the cell containing these electrodes was 
raised above the level of the remainder of the cell. When 
the cell was placed in its thermostat, the subsidiary arm 
remained above the liquid level and the bridge could then 
be positioned very close to the electrodes, with the leads 
no longer than 1 inch.
Crv) Temperature Control
A large glass tank of about 20 litres capacity, 
filled with transformer oil, was used as a thermostat?
F481Jones and Josephs found that water was unsuitable for this
purpose, since the resistance of the cell showed considerable
variation with the signal frequency. The cell was immersed
in the oil to just below the ground glass cap, leaving
the subsidiary arm above the oil level. The oil was heated
by means of a 100 watt electric light bulb and temperature
control was effected by means of a large spiral mercury-
toluene regulator connected to a Sunvie relay. Efficient
stirring was achieved with a paddle stirrer driven by a
Grant electric motor. A water cooling coil was immersed
in the oil bath for use during very hot weather.
oThe bath was set at 25.00 C with a calibrated 
standard thermometer graduated in 0 .01° divisions and a 
Beckmann thermometer was subsequently used as a continuous check
on the temperature. No temperature difference between 
different parts of the thermostat" could be detected with 
this thermometer.
With this arrangement, the temperature of the 
thermostat could be maintained at 25.00 hh 0.01°C.
The oil thermostat was surrounded by a large wooden 
box about twice the height of the glass tank. A hinged flap 
at the front of the box allowed easy access to the oil bath, 
and an air thermostat, consisting of a 50 watt electric light 
bulb connected to a mercury-toluene regulator, was used to 
control the temperature of the air in the box to 25.0 jh 0.1°C. 
A fan was used for air circulation.
The subsidiary arm of the cell containing the 
radio-frequency electrodes was positioned close to one side 
of the box, the electrode leads passing through the side 
of the box to the bridge, situated close to the outside of 
the box.
The solution was normally contained completely 
in the main body of the cell, immersed in the oil thermostat; 
to make a radio-frequency measurement,the radio-frequency 
compartment was rapidly filled, by passing nitrogen into 
the cell, and the radio-frequency bridge quickly balanced.
The whole of the apparatus was kept in a constant 
temperature room at 25 +. 1°C.
P A R T  II 
S E C T I O N  2# 
MATERIALS
Conductivity Water
Freshly-prepared distilled water was passed through
a column of* "Bio-Deminrolit” ion exchange resin packed
into a hard glass tube, over a sintered glass disc. This
resin was a mixture of strong-acid and strong-base resins
and was supplied ready mixed by the Permutit Company, Ltd.
The water from this column was warmed to slightly above
the temperature of the thermostat, passed through a
similar but smaller column of resin, and finally collected
in the cell under a back pressure of carbon dioxide-free
nitrogen, after sweeping out the cell with nitrogen for
several minutes. The water was warmed, before passing
through the second column, to prevent the formation of air
bubbles on the electrodes, which is likely to occur as the
temperature of the solvent rises to that of the thermostat.
This treatment often helped to speed thermal equilibration
between the cell and contents*and the thermostat.
The specific conductivity of the water prepared in
—6 1this manner was generally between 0.3 and 0.6 x 10~ ohm” cm 
at 25°C.
Solutes
Potassium chloride ,fAnalaRft grade potassium chloride 
was recrystallised three times from conductivity water, 
drained free from the mother liquor and dried at 110 C.
The product was heated to dull red heat in a platinum dish 
and allowed to cool in a desiccator. The purified salt
was stored in a small stoppered bottle in a desiccator.
Magnesium sulphate 'AnalaR'1 grade magnesium sulphate
heptahydrate was recrystallised three times from conductivity
water and dried at l40°C. After grinding, the product was
o r49ldried to constant weight as the anhydrous form, at 3210 C. 
Manganesedpgulphate Manganese sulphate was purified by the
r 501method of Atkinson and Petrucci. f,AnalaR«» grade
manganese sulphate tetrahydrate was recrystallised three 
times from conductivity water and dried to constant weight 
at 105°C as the monohydrate, a definite weighing form that 
is not particularly hygroscopic. The composition of the 
salt was determined by analysis for manganese by potentio- 
metric titration with potassium permanganate, in neutral
r 51]pyrophosphate solution.
Found: 32.31% Mn.
Theory, for MnSO^.H^O: 32.51% Mn.
Duplicate analyses checked within 0.07% from the mean.
CoppercrrVSulphate "AnalaR11 grade copper sulphate pentahydrate
was recrystallised three times from conductivity water, and
dried to constant weight over a mixture of the tri- and 
f52l
pentahydrates. Analysis of the purified salt, by
r 53 *i
electrodeposition of copper on a platinum cathode, 
showed it to be completely in the form of the pentahydrate. 
Found: 25.^6% Cu.
Theory, for CuSO^^H^O: 2.5.k k %  Cu.
Duplicate analyses checked within 0.03% from the mean.
Preparation of aqueous solutions
Stock solutions were prepared by weight from the 
purified salts, for each of the electrolytes, by weighing the 
required amount of solid in a small glass tube and 
introducing the tube and its contents into a flask containing 
a known weight of conductivity water. All weighings were 
made on a balance weighing to 0.1 mg., and buoyancy 
corrections were applied throughout.
}
P A R T  II. 
S E C T I O N  3. 
EXPERIMENTAL TECHNIQUES.
(i) Measurement of audio-frequency conductance.
The cleaned and dried conductivity cell was weighed, 
swept out with nitrogen for several minutes, and then filled 
to the required level with conductivity water. The water 
was taken from the ion -exchange column at a temperature 
slightly (about 1°) higher than that of the thermostat, 
and collected in the cell under an atmosphere of nitrogen.
The cell and contents were then reweighed. The cell 
contained about 230 g. of solvent, and the total weight 
was approximately 600 g.; all weighings of the cell were 
made to±Q.0X g. on a Mettler single-pan balance weighing 
up to 800 g. A buoyancy correction was applied to the 
weight of solvent.
The cell was firmly clamped in the thermostat end 
left to reach thermal equilibrium, the solvent being 
agitated from time to time by blowing a slow stream of 
nitrogen, saturated with water vapour, through the main 
body of the cell. Once thermal equilibrium had been attained, 
the resistance of the cell was found to remain constant for 
periods of up to 8 hours, and it was therefore assumed that 
the conductance of the solvent remained constant over the 
duration of a run. The solvent resistance was measured 
using the ’’shorted11 Wheatstone bridge arrangement.
A small weighed amount (about 1 g.) of stock 
solution* of the electrolyte being studied,was added 
from a 2 ml. glass syringe, which was weighed before and 
after the addition. This addition was made through the
aperture in the cap of the cell, and carbon dioxide was 
excluded by blowing nitrogen through the cell while the 
addition was being made. At intervals, the contents of 
the cell were thoroughly mixed by a stream of nitrogen, and 
thermal equilibrium was generally reached within about 
15 minutes, when once again the resistance became constant. 
The procedure adopted for the measurement of each resistance 
was as follows.
The resistance box was set at a value close to the 
resistance of the cell and by adjusting the capacitance and 
the slide wire, the two null points were determined for 
the two positions of the commutator. This was then repeated 
for another setting of the resistance box, the solution 
being mixed between each reading to ensure thermal 
equilibrium, and as a precaution against any temporary 
absorption of the electrolyte on the electrodes.
Apart from checking for polarisation effects, the
-1frequency of the current used was 1,000 c.sec. In all
cases where measurements were made at two frequencies,
-1 -1 1,000 c.sec. and 3,000 c.sec. , the difference between
the resistances measured at these frequencies was never more
than 0.0396,' even in the most dilute solutions, and it was
assumed that any effects due to polarisation could be
neglected for the electrolytes studied.
Concentrations of the solutions were determined by 
weight from the known weight of solvent and stock solution 
used, and converted to volume concentrations using the
density of* the solvent, the effect of* the very small amounts 
of* the salt on the density o f  the solution being ignored*
The value 0*99707 was used for the density of water at 
25°C.[54].
In the very dilute solutions under investigation 
the solvent conductance was often an appreciable portion 
of that of the solution, and allowance for this had to be
made if the correct conductance due to the solute was to be
F42l [55]obtained* Dunsmore and James and Atkinson and Hallada
showed that no appreciable hydrolysis was to be found in
aqueous solutions of magnesium and manganese(II) sulphates.
For these salts the solvent correction was made by simple
subtraction of the measured specific conductance of the
solvent from that of the solution. On the other hand,
pH measurements showed that copper(II) sulphate was subject
to hydrolysis and allowance was made, by the method suggested
r 52I
by Owen and Gurryf for the change in conductance of the
solvent due to the highly mobile hydrogen and hydroxyl ions 
formed. (See Appendix 1.)
(ii) Determination of the cell constant
The method used for the measurement of conductance 
at radio-frequencies involves the use of a reference 
electrolyte! and since the same cell is used for both 
reference and test electrolytes, the need for knowledge 
of the cell constant of the radio-frequency cell is 
eliminated.
The cell constant of the audio-frequency cell was
determined by calibration with aqueous solutions of
potassium chloride of known conductance and concentration*
Direct calibration against the Jones and Bradshaw standard 
f 5 7 l
solutions was not possible as even the most dilute of
these (0.01 demal) fell far above the working concentration 
range of the cell, giving a resistance of only 109 ohms, which 
was too small to be measured accurately and very much below 
the resistance range over which the cell was subsequently 
to be used.
The method used was to carry out a series of 
measurements of the conductances of aqueous potassium 
chloride solutions whose resistances fell within the 
required range.
r  58ILind, Zwolenk , and Fuoss have developed the
'semi-empirical equation :
a JL
/\ = 149.93 - 94.65C2 + 53.74 clog C + 198.40 ..... (2.9) 
by means of which the conductances of potassium chloride in 
water, at 25°C, may be calculated at any concentration up 
to about 0.012 mole l.~^ with an accuracy of about 0 .013%.
This equation is based on the Fuoss-Onsager (1955) conductance 
e q u a t i o n j " . from which the coefficients of the C2 and 
Clog C terms are calculated. The value of /\ o, and the 
coefficient of the C term, are based on a weighted average 
of nine sets of data for the conductances of dilute 
solutions of potassium chloride, by various workers, based 
on the Jones and Bradshaw standard.
The above equation was used to calculate the 
conductance of the dilute potassium chloride solutions, and 
the cell constant was obtained at each concentration by a 
comparison of the observed conductance with the calculated 
specific conductance. The units of concentration in
(2.9) equivalents per litre; the solutions were made
up by weight from a stock solution, buoyancy corrections 
being applied throughout, and the equivalent concentrations 
calculated assuming the density of the solutions to be that 
of the pure solvent at 25°C.
A preliminary value of the cell constant, determined 
using the 0.01D Jones and Bradshaw solution, was used to 
determine an approximate value for the solvent correction 
which was used to correct the conductances of the potassium 
chloride solutions. The new value of cell constant 
obtained was used to calculate a better value for the 
solvent conductance, and the process repeated until a 
constant value of the cell constant was obtained.
A series of six measurements of the cell constant, 
using solutions whose resistances ranged from 5,500 to 850 
ohms, gave a mean value of 0.15557 _+ 0.00006. The
individual values are shown in Table 10.
TABLE 10.
4
10 Conen* 
m o le  I . * * 1
C e l l  C o n s ta n t 
- 1cm.
1.9H9 0.15558
3.8560 0.155^6
5.8771 0.15555
7.7882 0.15559
10.053 0.1556%
12.320 0.15560
(iii) Measurement of radio-frequency conductance
A relative method was used for the measurement of 
radio-frequency conductance, using potassium chloride as 
the reference electrolyte. . It was assumed that the variation 
of conductance with frequency, for aqueous solutions of 
this completely dissociated electrolyte, could be computed 
using the Palkenhagen, Leist and Kelbg equation (1.19) 
together with (1.20) and (1.5). The value of the a-parameter 
was taken to be 3.14 the sura of the crystallographic
•J- M)
radii of the K and Cl ions.
The experimental technique adopted was as follows.
The required quantity of conductivity wafer was weighed into
the cell, which was then firmly clamped in the thermostat.
The low-frequency and high-frequency electrodes were
connected to their respective bridges, and the cell and
contents allowed to reach thermal equilibrium with the
thermostat. The conductance of the water was then measured 
-1at 1 Ka.seo* using the " short edn Treats tone bridge 
arrangement, and a weighed amount of stock solution, of the 
metal sulphate under examination, was added. The audio­
frequency resistance of the resulting solution was then 
measured, after thoroughly mixing by means of nitrogen.
The radio-frequency bridge oscillator was tuned to 
the required measurement frequency using the heterodyne 
frequency meter, and the local oscillator tuned to this 
frequency plus 100 Kc.sec. , by the same method. The local 
oscillator output was adjusted to give a reading of 200 \i A. 
on the crystal current meter of the crystal mixer, and the
tuned amplifier-null detector set to 10QKc.sec.~
Nitrogen was passed into the main body of the cell 
so that the solution rose into the subsidiary compartment 
containing the radio-frequency electrodes. This compartment 
was allowed to fill completely, and the glass tap above it 
was closed when the solution had risen to the required level, 
leaving the electrodes immersed in the solution. The radio­
frequency bridge was then balanced. Initially, the gain 
control of the null detector was kept low, and was gradually 
increased as the balance position was approached.
Since the bridges were not being used to make absolut 
measurements, it was not necessary to trim them initially 
before any measurements were made. As the null position 
was approached, the conductance trim control was adjusted 
so that the,balance position lay approximately at the 
mid-point of the conductance vernier, when using the B201 
bridge, or at the mid-point of the digital readout, when 
using the B801 bridge.
After the initial balance, the solution was allowed 
to flow back into the main (low-frequency) cell compartment 
where it was thoroughly mixed with a stream of nitrogen, to 
ensure equilibrium. The Wheatstone bridge was then 
immediately balanced, the subsidiary compartment filled 
again, and the balance of the radio-frequency bridge quickly 
checked. This procedure was repeated three or four times, 
allowing a few moments between each for thermal equilibrium 
to be attained, and in this way, a series of values of 
audio-frequency resistance and corresponding radio-frequency
bridge reading was obtained. The mean value of each was 
calculated.
The solution was removed from the cell by blowing 
it to waste with nitrogen which was passed in a steady 
stream info the main cell compartment. The cell was then 
washed through with conductivity water from the ion exchange 
column until its conductivity fell to that of fresh
—6 —1conductivity water, i.e. within the range 0.3 to 0.6 x 10~ ohm" 
-1 *cm. finally, the cell was filled to the required level
with conductivity water and left to reach thermal 
equilibrium; this was hastened by once again warming the 
water to slightly above the temperature of the thermostat 
before passing it through the column.
The solvent conductance was measured, and potassium 
chloride stock solution added until the resistance of the 
solution dropped to approximately that of the sulphate 
solution. The audio-frequency resistance and radio- 
frequency bridge reading were measured as before. By 
adding single drops of conductivity water, or potassium 
chloride solution, the concentration of the solution in the 
cell, and hence its conductance, could be altered very 
slightly, and values of audio-frequency resistance and 
radio-frequency bridge reading were obtained for a series 
of solutions whose radio-frequency conductances bracketed 
those of the sulphate solution. In this way, a calibration !
graph could be constructed, relating the audio-frequency I
resistances of the potassium chloride solutions to the 
corresponding radio-frequency bridge readings. In all |
cases, a linear calibration plot was obtained.
A typical bridge calibration, for a frequency of
-120 Me.sec* , gave the following figures:
Audio-frequency- 
resistance,ohms*
410 specific conductance 
ohra'^cm.”^
Radio-frequency 
bridge reading.
746.2 2.085 478.0
744.9 2.088 482.0
743.5 2.092 487.5
742.4 ! 2.095 493.0
j
741.7 { 2.097
l
740.3 j 2.101
495.5
501.5
| 738.5 j 2.106 509.0
The corresponding plot is shown in Figure 8#. from 
which it will be seen that the manganese(II) sulphate solution 
under examination does not lie on the same line as the 
potassium chloride solutions. Thus the two solutions having 
the same radio-frequency conductance (501.5 divs.) have 
different conductances at audio-frequency.
The percentage dispersion of conductance may be found 
as follows. The sulphate solution was found to have an audio­
frequency resistance of 752.4 ohms, and a corresponding 
radio-frequency bridge reading of 501.5 divisions on the
digital readout. The concentration of the solution was
A —118.888 x 10 equiv.1. The potassium chloride solution
with the same radio-frequency bridge reading of 501.5 
divisions was found, from the calibration graph, to have an
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audio-frequency resistance of 740.3 ohms, thus the difference
in the resistances is 12.1 ohms, the manganese(II) sulphate
solution showing an increase in conductance with respect to
potassium chloride.
In order to obtain the true dispersion of conductance
of the manganese sulphate solution the effect of the high-
frequency electric field on the conductance of the potassium
chloride solution must be taken into consideration. The
concentration of this solution may be found from its
measured specific conductance as follows. Using the Onsager
limiting law (1.1), values of equivalent conductance
and hence specific conductance K = Ac/iooo are calculated
-A -3for a series of concentrations C in the range 10 to 10
-1 - -  equiv.l. By plotting specific conductance against C;~,
Xthe value of C for a given value of specific conductance 
may be interpolated.
Using the Onsager limiting equation (1.1) in the form:
logoff, A 0_(A Ap + A_) cs .......   (2.10)C ~ ' 1
and rearranging, gives:
c = ------ j-PfiSi!! ' ................  (2.11)
A o -  (A. Ao + A ) C21 2
For aqueous KC1 solutions at 25°C, Ao  = 149.93,
A, = 0.2292 and A_ = 60.32 ; using the approximate value1 2
.1
of C2 obtained above in the denominator, enables a more 
accurate estimate of C to be made. This value of C is 
then recycled, and by a series of successive approximations 
a constant value of C is quickly obtained.
The final value of C is used in the FalJteenhagen, Leist, 
and ICelbg equation, (1.19), together with (1.20) and (1.17), 
to calculate the percentage increase in conductance of the 
\ potassium chloride solution.
Figures 9 and 10 show the percentage dispersion of 
conductance of aqueous potassium chloride solutions at
25°C, calculated for various frequencies and for concentrations
-4 -3 -1 oin the range 10 to 10 equiv.l. ; an ay value of 3.14 A
was assumed.
For the particular potassium chloride solution under 
consideration, the specific conductance, after correction for
—4 —1 —Ithe solvent conductance, was 2.O96 x 10 ohm cm'* An
approximate value of C, from the K versus C2 plot, was
— 4 — 1 *114 1 10 equiv.l. Inserting the value C2 = 3*74 into
(2.11) gave, as the next approximation to C, the value 
-4 -114.221 x 10 equiv.l. , and on recycling this value, the
. _4 -1
third approximation 14.219 x 10 equiv.l. was obtained.
9
Using Figure 0, the value 0.29% Tor the dxspersion of
conductance of this potassium chloride solution, at 
-120 Me.sec. was interpolated.
Thus, the total percentage dispersion of the manganese
-1sulphate solution at 20 Me.sec. was:
(yfIn* x 100) + °*290/0 = 1 '9 0 °/i
-1with respect to the conductance at audio-frequency (1 Kc.sec. )
After correcting for the conductance of the solvent
(0.67 x 10" ohm~ cm." ), the equivalent conductance of the
-1manganese sulphate solution at 1 he.sec. was found to be
0-50 THEORETICAL PERCENTAGE DISPERSION O F
CONDUCTANCE FOR AQUEOUS KCI
SOLUTIONS
5 0  Me.sec.
0 4 5 45 Me. see.
FIGURE 9 .
4 0  Mc.sec.
35 Mc.sec?
30. Me. sec.
a A%
25  Mc.sec.1
0-30
0*25
0*20
0-15
lO 4  C O N C N . EQUIV. L .
15139 II5
0-28 THEORETICAL PERCENTAGE DISPERSION OF
CONDUCTANCE FOR AQUEOUS KCi SOLUTIONS
FIGURE IQt
0-24
5 Me,sec.
0-20
O Mc.sec
a a %
7*5 Me. sec.
0 0 8
0 0 4
2 Mc.sec.Me. secT
17 19I 51395 73
I04 CONCN. EQUIV. L .
109.08 ; thus the value at 20 He.see.”1 was 111,15.
The above method, using a reference electrolyte, 
eliminates the necessity to know the cell constant of the 
radio-frequency cell, which may well be expected to vary 
with frequency, and would otherwise have to be determined at 
each frequency used. Similarly, any variation in the cell 
constant with concentration, due to irregularities in the
[59]
cell design,such as the "Parker effect", will have only a 
minimal effect, since the same cell is used for both 
electrolytes, each at approximately the same cell resistance,
A disadvantage of the method is that the sulphate 
solution has to be replaced by the reference electrolyte 
solution, during each run, to enable the radio-frequency 
bridge to be calibrated; the dilution run technique cannot 
be used, and each new concentration of sulphate solution
must be started with a fresh, weighed amount of solvent
/
in the cell.
The use of potassium chloride as reference electrolyte 
is particularly suitable since it is completely dissociated 
in aqueous solution, is easily obtained and purified, and 
the increases in conductance with frequency of its 
aqueous solutions are always considerably less than those 
of the' sulphate solution under examination. (Compare 
babies 3 and 9).
P A R T  III 
S E C T I O N  1. 
TREATMENT OF RESULTS
The ion association equilibrium may be represented: 
M Zaq+ XZaq  ---*■ M ^ X 2 - ...................  (1.27)
For the case of ionophores, which contain ions 
but no neutral molecules, the process must be regarded as 
the association of free ions, rather than the dissociation 
of neutral molecules0
The above equilibrium is assumed to obey the law of 
mass actinn, and the thermodynamic association constant may 
then be written:
, Mz+ Z-,
tc  ^-LLl .JL— i- (3.1)
a (MZ+)(X“-)
where brackets enclose the activities of the various species.
If the degree of dissociation of ion-pairs is a at
-1concentration G equiv.l. , and if the ion-pair is assumed to 
have an activity coefficient of unity, then, for a 
symmetrical electrolyte,
K = h | 2 l | ................................  (3.2)
a Ca f+
Where f+ is the mean ion activity coefficient and 
Z the valency of the ions. In the determination of the 
degree of dissociation, and hence of association constant, 
from conductance data, it is assumed that deviations from 
some ideal theoretical behaviour, such as the Debye-Huckel- 
Onsager limiting law depend upon short range interactions 
between oppositely-charged ions, and that these deviations 
are due to ion-pair formation, the free ions being assumed to 
obey the law.
In this section various methods available for the 
computation of association constants from conductance data 
will be reviewed, using audio-frequency (l lie.sec.” )^
conductance measurements for very dilute aqueous solutions of
magnesium sulphate. The methods available from the
literature allow such calculations to be made only from
audio-frequency conductance data; they do not allow for
the variation of the relaxation effect with frequency of
the field used to measure the conductance. A method will
be described which allows for this variation, so that
association constants can be calculated from conductance
data measured at any given frequency. In the present work,
this method has been used for the calculation of association
-1constants, at frequencies up to 50 Mc.sec. , from measurements
of radio-frequency conductance on dilute solutions of some
bi-bivalent metal sulphates.
In the following discussion it will be assumed that
for these symmetrical electrolytes the ion-pair is non-
Z+ rZ “*conducting, and that a single uncharged species, M r  , is
formed; only pairwise association of ions is considered, in
, .. [68] aqueous solution.
One of the greatest difficulties in dealing with
electrolytes containing ions of higher valencies than
unity is the lack of knowledge as to how the electrolyte
would behave if it were completely dissociated. Figure 11
shows the measured audio-frequency conductances of very
dilute aqueous- solutions of magnesium sulphate, plotted
against the square root of the concentration, for concentre-
-1tions up to 2 x 10 equiv.l. These values,and those for
—  3 ~1more concentrated solutions, up to 16 x 10 equiv.l. , 
were measured in the present investigation and are listed in
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Table 11. Good agreement exists between these values and those
[421of Dunsmore and James over the comparable concentration
-4- “3 -1range (10 to 2 x 10 equiv.l. ).
From Figure 11 it will be noticed that magnesium 
sulphate resembles other bi-bivalent electrolytes in that 
the conductances, even at high dilutions, show marked
[35]
departure from the Onsager limiting law (1.1). Davies 
attributes these deviations to ion association and assumes 
that the free ions obey the limiting law, so that their 
equivalent conductance in very dilute solution may be written:
A  = a[ Ao - (A- A o + A0) /ac]  ........ (1.29)X di
By a series of successive approximations, 06 may b e
calculated. K may then be determined.
61
Davies, in his original calculations, used the
Debye-Huekel limiting law (1.33) to calculate the mean ion
activity coefficients of the free ions, but the calculations
may be extended to higher concentrations by using the
extended form of the Debye-Huckel limiting law, incorporating
the ionic size term (1.35), or by using Davies’s empirical 
[61]equation; x
- log10f+ = _ o . 3 X j   (3.3)
which corresponds approximately to the choice ja = 4.3 2 .
There is some latitude in the choice of the distance 
at which ions are considered to be free, varying from the 
Bjerrum critical distance for bi-bivalent ions of 14.3 2 to 
about 4.3 2 when using the Davies equation. The numerical 
values of f+, and hence of K , will depend upon the choice of a.
TABLE 11
Audio-frequency equivalent conductances of aqeous 
solutions of MgSO^ at 25°C.
410 Concn. 
eqtiiT. 1 A
2?.
10 Concn. 
equiv. 1 A
1.9050 126.61 13.610 113.73
2.1118 126.13 14.842 112.78
3.4106 123.93 15.929 112.16
4.2023 122.86 16.135 112.07
5.3076 121.29 19.202 110.15
6.5012 119.99 24.678 107.31
7.3753 118.98 32.837 103.68
8.1826 118.21 40.863 101.00
8.8454 117.56 50.634 98.13
8.9937 117.50 67.321 94.18
9.3663 117.05 88.094 90.21
11.218 115.49 93.200 89.38
11.457 115.28 113.00 86.67
12.857 114.19 157.28 81.71
Using the Onsager limiting law and. the extended form 
of the Debye-Hiickel (D/H) equation, with a = 14 2, the
method of Davies was applied to the conductance data for
magnesium sulphate shown in Table 11, for concentrations
™3 -1up to 2 x 10 equiv.l. The resulting values of
a, f+(D/H), and K (D/H) are shown in Table 12. Also shown —  si
are values of f+(Davies) and E^(Davies), the mean ion 
activity coefficient, calculated using the Davies equation, 
and the resultant association constant.
In order to use Davies*s method it is necessary to 
have a prior knowledge of the value Ao. For MgSO, the
JL
value 133.06 was used in the above calculations, this
being the sum of the limiting ionic conductances; Shedlovsky
and Brown found /\o(Mg^ + ) = 53.06 while /\o(S0^  ) = 80.00
f £ q n
was found by Jenkins and Monk,
If will be noticed that the values of E (D/H)a
and K (Davies) for a given concentration are different, as a
is to be expected, the difference being greater at the
higher concentrations where the proportion of ion-pairs
is greater. There is also a systematic drift in K with
concentration due to departures from the Onsager limiting
law at higher concentrations. The two sets of values for
Ea are plotted against concentration in Figures 12 and 13#
By extrapolating the plots to C=Q, giving most weight to the
points at the lower concentrations, the values
E (D/H) = 182 + 5 and K (Davies) = 184 + 5 are obtained, a —  a *—
The extrapolation is made difficult by the curvature which 
develops in the plot at higher concentrations.
TABLE 12
Davies1 s method for tlie determination of* the association 
constant for MgSO^ in v/ater.
A o  = 133.06 T = 25°C
4 n 10 Cocxi. ,
equiv.1. A a | f+* |(D'/H) 1 (D/H)
- i- - ..- - I . .- -
f+ 
(Davies)
a
(Davies)
1*9050 126.61 0.9863 0.9199 174.3 0.9166 175.6
2.1118 126.13 0.9845 0.9163 180.8 0.9126 182.3
3.4106 123.93 0.9773 0.8974 : 172.9 0.8914 175.3
4.2023 122.86 0.9741 0.8882 164.8 0.8807 167.6
5.3076 121.29 0.9680 0.8772 167.0 0.8679 170.6
6.5012 119.99 0.9639 0.8670 '159*1 0.8558 163.3
7.3753 118.98 0.9599 0.8604 159.3 0.8478 164.0
8.1826 118.21 0.9574 0.8547 155.6 0.8410 160.7
8.8454 . 117.56 0.9550 0.8504 154.4 0.8357 159.9
8.9937 117.50 0.9551 0.8494 151.6 0.8345 157.1
9*3663 117.05 0.9530 0.8472 154.1 0.8317 159*8
11.218 115.49 0.9475 o .8366 ’i49.0 0.8187 155.6
11.457 115.28 0.9466 0.8354 149.0 0.8171 155.7
12.857 114.19 0.9427 0.8284 145.2 0.8083 153.6
13.610 113.73 0.9415 0.8249 142.5 0.8038 150.1
14.842 112.78 0.9376 0.8195 142.3 0.7969 150.5
15.929 112.16 0.9360 0.8149 138.2 0.7911 146.6
16.135 112.07 0.9359 0.8l4l 136.9 0.7900 145.4
19.202 110-.15 0.9288 0.8028 133.4 0.7752 143.1
x with a = i4. %.
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120
190
d a v i e s ' s m e t h o d  e x t r a p o l a t i o n  o f  K 4 d a t a
180
170 DATA OF TABLE 12 .
(DAVIES)
S60
150
S40
l O ^ C O N C N .  EQUIV.
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Davies!s method calculates K  at each concentration.a
I 641Fuoss and Kraus have developed a graphical method in which
E is determined from the slope of a suitable extrapolation 
a
plot. :■ . /
Rearranging the Onsager limiting law in the form:
A A, \ --f \  - a[/b-(A.Ao+A ) (aC)  ..... o....(l.29)
gives, ^
OC — 1 r ' ' " '~T
Ap-CAjAo+Ag) (aC)2
n f xr s t approximation to a is obtained by 
substituting the Arrhenius value, a = , in the right
hand side giving:
OC . — L ~ ~ y11 \ (3.5)
1 Ao-f-^ x) (CA>*
VAoV
w here  S = (A .A o+ A „ ) ,  th e  l i m i t i n g  O nsager s lo p e .
i  Ci
A second approximation to a is then obtained by
substitution of OC, back into the Onsager'term of (3.4)s1
Aa _ .-------- j . ..... ........................  (3.6)
A o - S ( a 1C )2
which can also be written as:
A / fy m  \
3 Ao[i-s (tx1c)^]
Ao
Iteration causes rapid convergence to the correct value of 0C. 
Fuass and Kraus rewrite (3*7) in the form:
A  ^
AoF(y)
where F(y) = cos^[~ cos ^(~3^^)] .•••••••••«•• (3*9)
and v = f X t I(C A ) 2 is the new variable.
W j
The function F(y) has been tabulated by F u o s s ^ ^  
for O ^ y  ^ 0.209 so that a may also be calculated directly
from (3.8). For magnesium sulphate the value y = 0.209
corresponds to a limiting concentration of approximately
,0-2 . - -1 10 equiv.l.
Substitution of (3®8) into the mass action equation
(3.2) and rearrangement gives:
F(y) 1 + c A f +*TCa ........................   (3.10)
■A Ao Z A o^F (y )
F (v)from which it can be seen that a plot of against
C A f + 2 K
• will determine a and 1 as slope and intercept
F(y) zAi2 a ;
r e s p e c t iv e ly ,  and th u s  and A o  may be fo u n d .
This method of extrapolation has the advantage that
Ao
measurements of conductance of dilute solutions. In order 
to use the method, it is necessary to have a preliminary
mean values of both K and.  can be found from a series ofa
value of Ao from which to calculate a (or y) from the data. 
A freehand extrapolation of a A  versus C2 plot enables this 
value to be found easily with sufficient accuracy; the 
value of A o , from the extrapolation by means of (3.10), is 
recycled until a constant value of A o  is obtained, giving 
final values of and A o . This method is of particular 
use when A o  cannot be found independently from the limiting 
ionic conductances of the constituent ions.
The method of Fuoss and Kraus was applied to the 
magnesium sulphate conductance data analysed by Davies*s 
method, above. Using the value 133 as an initial
approximation to A o ,  values of and
A
c A f * 2
F(y)
were
calculated, calculating f+ from the extended form of* the Debye-
Hiickel limiting lav/ (1*35) .
_F(y)The values of* ana C A f + 2 so obtained were
A  F(y)
extrapolated by means of (3*10) using the method of least
1squares, to yield the slope and intercept .
/Vo" A o
value of Ao obtained was recycled to permit a second
The
extrapolation by means of (3*10), and the process continued 
until successive values of Ao were constant to within 
+ 0.001 conductance units; three cycles were generally 
sufficient. The extended Debye-Hiickel equation was used with 
various values of the a-parameter; the extrapolated values 
of Ao and for each cycle are shown in Table 13 for 
_a-values of 14, 10 and 4
TABLE 13 (data of Table 12)
Initial Ao = 13 T = 25 C.
a, 51 1st cycle 2nd cycle 3rd cycle
Ao | K9 Ao Xa A  0 Ka
14 132.17 125.4 132.19 124.1 132.19 124 . 2
10 132.23 129.6 132*25 128.5 132.25 128.5
4 132.37 137.5 132.38 136.5 132.38 136.5
The individual values of ~ and 5 , ^ £ L  for the 
A  F(y)
final cycle, using a = 14 A, are shown in Table 14, and the
corresponding extrapolation plot according to (3.10) is shown
TABLE 14
Initial Ao = 133 T = 25°C ja = l4 £
Fuoss and Kraus 
extrapolation eqn. (3.10)
F-L-K extrapolation 
eqn. (3*19)
h
10 * Concn•
• -j " iequiv, 1.
10 F(y)
A
io5.cAf+2
F(y)
610 .E
A
105cAf+2
s
1.9050 7617 2116 7641 2110
2.1118 7632 2322 7657 2316
.3.4106 7 687 3570 7727 3556
4.2023 7712 4296 7761 4274
5.3076 7760 5258 7 8 2 2 5224
6.5012 7793 6264 7868 6217
7.3753 7325 6970 7909 6911
8.1826 7845 7610 7938 7540
8.84-54 7865 8124 7965 804-2
8.9937 7864 8242 7966 8159
9.3663 7881 8520 7987 84-29
11.218 7927 9894 8052 9772
11.4-57 7934 10066 8062 9939
12.857 7967 11062 8110 10907
13.610 7976 11594 8123 11418
14.842 8CO9 12430 8173 12231
15.929 8023 13168 8199 12944-
16.135 8024 13310 8202 13081
19.202 8084 15286 8295 14980
Q  *2
QO
li-
4 CD
x o
sK O
orj<
in Figure l4« Again, it will be noticed that curvature 
develops in the plot at the higher concentrations due to 
departures from the limiting law*
Both the Davies, and the Fuoss and Kraus methods are 
based upon the Onsager limiting law; partial allowance for 
the effects of finite ion sizes is made in these calculations 
by the use of Davies*s equation, or the extended form of 
the Debye-Hiickel limiting equation, for the calculation 
of the mean ion activity coefficients, but a further 
improvement would be the introduction of the ion size term, a_, 
into the conductance equation used to describe the 
behaviour of the free ions.
The ion size parameter was introduced into the
r 27]electrophoretic term of the limiting equation by Onsager,
The new term becomes:
A* (|z| + |z|)F2 U
/\II = --- ----- -----  -- — —   ................  (1.20)
6ti rj N 1 + Ka
in molar conductance units. For 
* z a / c~
/\II = — -—   .......................  (3.11)
1 + Ka
where A^/cT is the electrophoretic term in the limiting 
equation (1.1), ja is the distance of closest approach of 
ions,and C the equivalent concentration.
The corresponding effect of ion size on the 
relaxation term was considered, in 1952, by Falkenhagen,
Leisi and Kelbg. ^ 0] /j^ e expression for the relaxation 
term, in molar conductance units, is now!
This equation is the special stationary-field case 
of* the Falkenhagen, Leist and Kelbg equation for the relaxation 
term at high frequencies (1.19) with to, the radial frequency, 
set equal to zero.
F661Robinson and Stokes expanded the exponential
te rm  in (3 .1 2 )  as far as the first power of Ka to give:
A l .  . W l X  _______K _  .............. (3.13)
3DkT 1 +/q* 1 + Ka
ZA A o  Jc
= ■ ■ ■   7-.  for Z. = I ................... . (3.14)
1 + Ka 1 2 ’
where A ^ A o  >/c  is the relaxation term in the limiting equation.
Combining (3.11) and (3.14) gives, for the equivalent
-1conductance at a concentration C equiv.l.
A  A (A .A q  + A p) \fc
' \  = A o  !----;---------    (3.15)
1 + Ka
rcy~\
This equation has been used by Robinson and Stokes
for the calculation of the association constant of
magnesium sulphate, using the conductance data of Dunsmore
and James. As in Davies* s method, the association
constant was calculated for each concentration and a
similar systematic drift in with concentration, was still
apparent. Robinson and Stokes calculated the mean value,
K = 202, from their individual results, but this mean a ’
value obviously depends upon the concentration range 
considered; there seems to be more justification in 
extrapolating the data to zero concentration as in Davies*s
method.
If* the exponential term in (3.12) is retained, then 
we obtain:
„ "X"
A  = A o “ -Aio - A n  ........    (3.16)
A*
where /V is the molar conductance at a molar concentration 
C * A*-g- = C , / No is the molar conductance at infinite dilution,
and where A  lo is now given by (3.12) and A l l  by (3.11).
For the case of incomplete dissociation, (3.16) becomes:
A  = a fA o  -Aro(ocC*) -A lK a C * ) ) ....... ................ (3.17)
where the symbol (aC~) denotes Aio and A 11 calculated using
the ionic concentration aC in place of the stoichiometric
concentration C . Rearranging (3.17) to give:
*
  A
A V  -A*lo(aC *) -A li(a C *)
oc — ,.v. 1 ................. (3.l8s)
A *
A
A  0 /1 - A io  («c* ) + All (aC*)
V  A o
A
....... (3.18b)
A oE
(3.18c)
enables a to be calculated by successive approximations.
Combining (3.18c) with the mass action equation
(3.2) results in an extrapolation function similar to that 
obtained by Fuoss and Kraus (3.10);
C A  f+2JC
^ 1 +    — S.  (3.19)
where E
A  A© z e A o1
Aio (qC* ) + AlI(qC* ) ............. (^•20)1 “
ATo
E cAf+2plot of against »■' once again enables both £ and
A E a
Ao "to be found from the slope and intercept; /\o is reiterated 
until constant to within 0 .001, the method of least squares 
being used to find the best straight line through the 
experimental points.
15Columns 4 and 5 of Table I k contain values of •— and
A
for the magnesium sulphate data, calculated usingc A f £-
values of E obtained from (3.20), and mean ion activity 
coefficients calculated by means of (1.35) <* The values 
shown are those for the final iteration; the corresponding 
extrapolation plot according to (3-19) is shown, for 
comparison purposes, on the same diagram (Figure 14) as 
the Fuoss and Kraus extrapolation according to (3*10)• 
Equation (3*19) gives a slightly more linear plot than the 
Fuoss and Kraus function and is to be preferred. The lines 
through the experimental points are drawn to the slope and 
intercept requirements of the least squares calculation.
The final values of K and Ao obtained for a-valuesa —
of 14, 10f and k X, are shown in Table 15* The same value 
of the ion size parameter must of course be used in both the 
conductance equation, and the equation for the calculation 
of the mean ion activity coefficients.
TABLE 15
a^, X 0
<
Ka
14 132.50 178.8
10 132.55 171.4
k 132.56 156.8
It is interesting to compare Tables 13 and 15;
whereas in Table 13 K increases with decreasing valuesa
of a, in Table 15, K varies with a in the opposite sense*— 7 ’ a —
In the extended form of the Bebye-Hiickei equation (1*35) the
arparameter appears in the second term in the denominator,
thus, a decrease in _a results in a corresponding decrease
in f+ * The results of Table 13 were obtained using the
limiting law as the conductance equation; the calculated
/ Z (1 —oc) \values of oc are independent of a, and hence K {=  o " o  »
a \ ca ft /
increases with decreasing _a. On the other hand, the 
results of Table 15 were obtained using a conductance 
equation involving the ^-parameter, and now, a decrease in _a
results in an increase in oc , with a corresponding decrease
—i 
2
1 ocin which outweighs the decrease in f+* Thus, K now
oc
decreases.
Determination of and Ao from radio-frequency conductance 
data.
The methods described s o far are directly applicable 
only to the extrapolation of conductance data measured at 
audio-frequencies. The various forms of the conductance
equation used to define the variation of conductance, with 
concentration, of the free ions, are strictly valid only 
for the stationary field case (a) = 0).
For audio-frequency fields of the order of IKc.sec, 
the reversals in direction of motion of the ions, brought 
about by the alternating field, are so slow compared to the 
relaxation time of the ion atmosphere, that the asymmetry
in the ion atmosphere has time to develop completely, just 
as if the ion were moving continuously in one direction.
At higher frequencies the asymmetry of the atmosphere 
does not have time to develop completely, and the equation 
used to describe the conductance of the free ions must 
take account of the variation of the relaxation term with 
frequency.
For a completely-dissociated electrolyte the 
Falkenhagem, Leist and Kelbg equation (1.19) enables the 
relaxation term,Alio, to be calculated for any given 
frequency u) = 2Ttf and Concentration C'k moles 1. The
electrophoretic term is independent of frequency and is
given by (1.20). Thus the molar conductance at a frequency 0) 
is given by:
A*w =A*o -/Ciw -f\1 1 ...................  (3.21)
If, for an incompletely dissociated electrolyte,
the degree of dissociation of ion-pairs, at a stoichiometric
* -1 concentration C mole 1. , is a, then:
a *  *  *  *
A c o  = a ( A o  -  A l to  ( a C * ) - A l l  ( a C * ) ) ...............  ( 3 -2 2 )
where Alto(aC* ) and AlI(ocC*) are calculated using the ionic
concentration aC .
From (3*22)
A*to A y  -
A o  -  A #io)(aC* ) -  A l l (a.C ) A o  > (3*
from which a  may be found,as before,,by successive approximations 
Using as zeroth approximation (X - 1, /\xo)(ocC ) andAlKocC ) 
are calculated, from (1.19) and (1.20), for the required
frequenc3r and concentration; the first approximation oc, isX
then obtained using (3-23), and this value is used to
a *  *  '
calculate the new values of Axa)(ocC*) and AlX(ocC*). Reitera­
tion is continued until successive values of oc are constant to 
within _+ 0*0001.
Substituting (3.23), in the form:
a  = ,   ( 3 . 24)
A o  0 A o 0
r, /flU)(0CC*) +A*II(0CC*)n where 0 = [1 --3------- — :------~J f ... ..o ».».«••«» (3.25)
/ \  o
info the mass action equation (3.2) produces an extrapolation 
equation of the now familiar form:
J L . i  . c A " A ...............    (,.26)
Ato Ao z / \ o 0
» ^ ^ 0 . cAufi2 . Ea. ,, 1A plot of r ~ m : against -----» gives 0 and r--
Aw # zAo Ao
as slope and intercept as before^ Activity coefficients 
are calculated from the extended Debye-Huckel equation using 
the same value of a as in the equations for Alto and A n .
In these calculations we are assuming that ja does not 
change with the frequency of the applied field. Also, 
that the lower limit for the calculation of the Debye-Huckel 
atmosphere integral is this same a>; in other words, that 
the ion-pair has an overall charge of zero, and hence does 
not contribute to the ion atmospheres of the free-ions, or 
itself have an atmosphere.
An initial value of Ao can be obtained once again 
from a freehand extrapolation of the conductance data, and
the value of* /\o obtained from the extrapolation by (3.26),
using the least squares method, is recycled until s^^ccessive
A o  - values are constant to within _+ 0.001 conductance
units. The final reiterated values of Ao and & area
independent of the initial value chosen for A  o, but the 
greater the difference between this and the true value, the 
greater the number of iterations required for convergence.
The value of A  Iw calculated from (1.19), and hence
A *
A  co, is exactly the same whether the frequency is set at
-1zero or at 1 Kc.sec. in this equation, and thus, for
-1audio-frequency conductance data measured at 1 Kc.sec;
the values of K and Ao found by extrapolation using (3.26),a
with f = 0.001 Me.sec. , are exactly the same as those
obtained from (3*19), where co = 0.
Xn the present work, the above calculations have
been programmed for the Elliott 503 computer, and values of
K and A o  have been calculated in this way for three bi- a
bivalent electrolytes, magnesium sulphate, manganese(II) 
sulphate and copper(ll) sulphate., from conductance data measured 
at audio-frequency and at several frequencies between 1 and
p
—1 0 C Au)f+50 Me. sec."" The calculated values of and
were treated by a least-squares programme to yield the
best values of K and Ao. and A o  was recycled untila ’
constant.
The extrapolation plots obtained by the above method
were found, even at the highest frequencies, to be linear
within the experimental scatter. This is illustrated by
Figure 15 which shows two typical plots, obtained for
magnesium sulphate at 5® Me.sec. ^ and for manganese(IX)
-1sulnhate at 20 Me.sec.
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TABLES OP' RESULTS'
The■fi§ur©o in taMos 16 to 50 refer to an a-parameter of 14 2.
At the foot of each table are added, the values for K and /\o,a
deduced in the same way, but with a - 10 2, and a » 4 2.
TABLE 16
f « 0.001 Mo.secT1 1/InSO^.O T » 25°C.
10^ " Concn.
.. T-1 ecmiVo 1.
A oC A
10 5C A  fi2 
-
2.3487 126.74 0.9885 7606 2569
4.6465 122.66 0.9693 mi 4678
6.8332 119.70 0.9546 7877 6487
9.3066 116.99 0.9407 7993 8378
11.816- 114.56 0.9275 8106 10156
13.999 112.69 0.9172 8197 11615
16.651 110.64 0.9056 8302 13294
18.915 109.09 0..8968 8384 14664
a,2 Ka Ao
14 230.7 134.12
10 225.1 134.18
4. 213.2 134.23
TABLE 17
-1Mc.sec. CuSO *-H 0^
10^ Concn,
, - 1  emiiv. 1 o A oc i°6jLA
105cAf-2 
* '
2.1847 126.45 0.9850 7633 2396
4.3422 122.53 0.9668 7777 4393
6.5478 119.32 0.9504 7911 6226
9.1697 116.13 0.9331 8058 8214
11.234 114.00 0.9213 8161 9672
13.503 112.00 0.9103 8260 11194
16.559 109.55 0.8962 8390 13117
18.917 107.91 0.8868 8479 14528
TABLE 18
•n
f «■ 1 Ko«seoT MgS0.-H„0 T = 25 C.
10^  Concn. 
ecruiv.
171
(&A%)
expt'l •
(& A ^ )th .
Falken-
hagen
106-1 <t
A
io 5c A * f i 2
i
(A A  $)t&,
Gilkerson
(3.53)
(4 A$)ifti* 
Tbtal 
(3.56)
2.1774 0.29 0.26 126.43 7656 2382 0.00 0>. 26
2.3157 0.25 0.25 126.11 7666 2518 0.00 0.25
3.3530 0.16 0.18 124.25 7724 3503 0.00 0.18
3.8546 0.1? 0.16 123.44 7751. 3960 0.00 0 .16
5.9734 0.10 0.10 120.66 7848 5784 0.00 0*10
7.3316 0.08 0.07 119.14 7904 68 78 0.00 0.07
9.5480 0.07 0.05 117.02 7989 8568 0.00 0.05
11.409 0.02 0.04 115.34 8062 9903 0.00 0.04
i . ; .  293 0.02 0.03 113.24 8153 11874 0.00 0.03
16.166 0.01 0.03
_ _ _ _ _ _
112.05 8205 13097 0.00 0.03
SL. &
M tf  •
Ka A o
14 180.8 132.58
10 173.6 132.61
4 159.0 132.62
TABLE 19
10  ^Concni. 
ecpiiv,
i:1
(a/V)
ezp-fcl.
(4A^ )th.
F'alken-
hagen
3
< IQ6' 0
A<*>
io5cA^fi2
“ T~
(4 A$)th.
Gilkerson
(3.53);
(&Afo)±h.
Tbtal
(3.56)
2,6960 0.50 0.48 125.75 7686J 2887 0.00 0.48
3.3530 0.41 0.43 124.56 7725 3503 0.00^ 0.43
4.1954 0,41 0.38 123.29 7765 4266 0.00 0.33
4.5093 0.34 0.36 122.68 778& 4610 0.00 0.36
5.9665 0.31 0.29 120.93 7646 5779 0.00 0.29
8.2512 0.22 0.22 118.16 7958 7579 0.00 0.22
9.1005 0.13 0.19 117.56 1915 8234 0.00 0.19
10.901 0 .18 0 .16 115.91 8042 9591 0.00 0.1&
12.654 0 .17 0.13 114.55 8099 10772 0 .00 0.13
13.217: 0 .16 0.13 114.10 8120 11153 0.00 0.13
14.363 0 .14 0.12 113.40 8146 11946 0.00 0.12
16.570 0 .10 0.10 111.91 8214 13358 0.00 0.10
IS. 501 0.11 0.08 110*67 8274 14555
.  -  A
0.00 0 .08
TABLE 20
f  = 3 Mo. secT1 MgSO^-ff^O T « 25°C.
10^  Conon, 
ecruiv.
171 ;
( * A $ .
e x p t l.
(A A $ ) th .
Fallcen- 
ha gen
A Li
10 6j_ 
/\(*>
105cA^f-2 (AA/&)th..
G ilk e rs o n
(3.53)
(A A $ )  tK . 
T o ta l
(3.56)
2.3214 0^67 O.69 126.63 7668 2523 0.00 0 .69
3.4730 O’. 60 0.63 124.60 7732 3613 0.00 0 .63
5.5363 0.53 0.52 121.71 7827 5421 0.00 0 .52
6*4521. 0.48 0.47 120.59 7867 6176 0.00 0.47'
7.3429 0.44 0.43 119.58 7904 6888 0.00 0 .43
8.4581 0.40 0.39 118.44 7947 7753 0.00 0.39
8.7145 0.37 0.38 118.14 7960 7944 0.00 0.38
10.322 0.34 0.33 116.66 8018 9137 0.00 0.33
12*067 0.29 0.28 115.14 8082 10366 0.00 0.28
14.232 0.27 0.24 113.54 8149 11836 0.00 0.24
15.928 0 .2 5 0.21 112.46 8194 12950 0.00 0.21
17.7P1 0.22 0.19 111.25 8252 140611
0.00 0 .19
a, a. Ka 1^ 2.
14 175.5 132,40
10 168.5 132.44
4 153.9 132.45
TABLE 21
1
«* 4 Hc.secT MgSO^HUO T = 25°G>
10^ Concn. 
ecruiv#
i:1
(*A*)
exptl.
(aA$)-th.
Falken-
Hagen
A q
106j L
A w
io5oA^fi2
y
(&A^)th.
Gi lkersorc
(3.53)
(*A$))th.
Total
(3.56)
1.9279 0.79 0.82 127.58 7643 2133 0.00 0 .82
3.4495 0.80 0.79 124.87 —4 IV) CO 3592 0.00 0.79
4.3561 0.77 0.75 123.52 7772 4408 0.00 0.75
5.1930 0.71 0.71 122.35 7813 5131 0.00 0.71
6.3385 0.63 0.66 120.93 7863 6084 0.00 0.66
8.8598 0.58 0.54 118.23 7963 8056 0.00 0.54
• 11.115 0 .46 0.46 116.09 8051 969 Ti 0.00' 0 .46
12.952 0.44 0.41 114.66 8108 10977 0.00 0.41
15.062 0.37 0.35 113.13 8173 12383 0.00 0.35
16.718 0.34 0 « ro 112.10 8216 13455 0.00 0.32
14 177*5 132.49
10 170.3 132.53
4 155*6 132.53
TABLE 22
f ~ 5  Me. secT1 HgSO^-H^ T1 = 25°C.
10^ Concn* 
ecraiv.
171
(A A$)
exptl.
(& A%)tli.
Falken-
hagen
3
< 
!
io6jL
At#
lO^ cAwf-2
i
(&A$)th.
Gilkerson
(3.53)
Total
(3.56)
2.1618 0.91 0.92 127.25 7656 236T 0.00 0 .92
3.0990 0.94 0.92 125.60 7709 3268 0.00 0 .92
3.6483 0.91 0.91 124.71 7739 3774 0.00 0.91
5.7933 0.82 0.83 121.81 7837 5637 0.00 0.83
8.1927 0.74 0.73 119.08 7938 7548 0.00 0.73
9.6065 0.70 0.67 117.65 7994 8609 0.00 0.67
11.207 0.62 0.61 116.20 8053 9763 0.00 0.61
13.037 0.58 0.55 114.72 8114 11031 0.00 0.55
14.900 0.51 0.50 113.40 8168 12278 0.00 0 .50
j 16.166 0.49 0.47 112.60 8201 13103 0.00 0.47
TABLE 23
f - 10 Ho.sec. MgSO.-ff^ O T - 25°C.
_  4 «10 Concn. 
ecfuiv^. 
i : 1 '
(a A $),
e x p t l .
(A A ^ ) t h ,  
F a lke n - 
hagem
A w
106 $ 105C/Vf~2 (A A ^ .) th .
O ilk e rs o n
(3.53)
(A A f 0) th .  
T o ta l 
(3.56)
2.5355 1.20 1.22 126.8s 7681 2731 0.00 1.22
4.1252 1.28 1.31 124.43 7765
1
4202 0.00 1.31
| 6.3172 1.29 1.33 121.73 l 7864 6065 0.00 1.33
8.4929 1.19 1.30 119.31 7960 7769 0.00 1.30
10.701 1.20 1.24 117.34 i 8036 9402 0.00 1.24
12.872 1.09 1.18 115.44 8117/ 10909 0.00 1.18
15.433 1.11 1.11 113.73 8185 12625 0.00 1.11
17.664 1.03 1.05
\
112.20 8253 14035 0.00 '1.05
! 19.553
3
i..-
1.03 1.00 111.02 8307 15188 0.00
'
1.00
14 174.4 132.32
10 167.3 132.36
4 152.7 132.37
TABLE 24
f = 20 Ho. secy1 MgS0,-H„0 T * 25°C*
n"~ i"" 4 2“* *-
*’1 1
410 Conen.o (A A$) (A A$)th.
3
< io6jLio5cAwfi2 (4 A$)th. (AA^)th.
ecruiv.
IT1
exptl. Falfcen-
hagen
A, G'ilkerson
(3.53)
Total
(3.56)
2.3780 1.40 1.43 127.45 7671 2578 0.00 1.43'
4.1834 1.68 I.67 124.89 7763 4255 0.01 1.68
6.3636 1.70 1.82 122.16 7873 6098 0.01 1.83
8.6126 1.89 1.89 120.02 7955 7868 o.oi 1.90
10.810 1.88 1.92 118.01 8041 9479 0.01 1.93
12.997 1.94 1.92 116.33 8111 11006 0.02 1.94
15.340 1.95 1.91 114.72 8180 12567 0 .02 1.93
17.273 1.84 1.89 113.35 8244 13788 0.02 1.91
18.662 1.88 1.87 112.56 8278 14654 0.02 1.89
a K_a Ao
14 174.8 132.37
10 167.7 132.40
4 153.2 132.41
TABLE' 25
f = 30 tic.secl1 MgSO -H^O T » 25°C.
104 Concrcs, 
ecruiv, 
i:1
(a A?0)
exptl. Falkeu*- 
ha gen
/\ U)
io6j $
A  CO
io5cAwf-2
■tf—
(a A  fo}m+
Oilkerson
(3*53)
(AA^ Qitk.
Total
(3.56,);
2.4166 1.65 1.54 127.69 7663 2619 0.01 1.55-
4.3467 1.89 1.87 124.92 7770 4400 0.02 1.89
6.4003 2.03 2.07 122.52 7867 6132 0.02 2.09
8.0949 2.16 2.18 120.86 7936 7472 0.03 2.21
10.113 • 2.20 2.27 119.02 8015 8977 0.03 2.30
12.029 2.38 2.32 117.57 8076 10344 0.04 2.36
13.919 2i-41 2.36 116.20 8137 11631 0.04 2.40
15.548 2.45 2.38 115.18 8181 12709 0.04 2.42
17.669 2.37 2.39 113.72 8251 14041 0.05 2.44
18.662 2.46 2.40 113.20 8273 14661 0.05 2.45
TABLE 26
f = 40 Mc«seoT1 MgSO^-H^O T « 25°C.
410 Concn. 
equiv.
171
(a A*)
exptl. Falken-
hagen
A u
i°6JL
A w
io5cAufi2 (aAfo)th.
Gilkerson
(3.53)
(A A%)th« 
Total
(3.56)
2.4263 1.55 1.61 127.55 7676 2625 0.02 1.63
4.2241 1.92 1.96j 125.14 7768 4290 0.03 1.99
6.0658 2.25 2.19 123.17 7345 5864 0.04 2.23
7.9677 2.33 2.3 6 121.22 7929 7375 0.05 2.41
10.197 2.42 2.50 119.19 8020 9036 0 .06 2.56
12.230 2.66 2.59 117.63 8089 10476 0 .06 2.65
14.145 2.70 2.66 115.31 8143 11783 0.07 2.73
15.909 • 2.78 2.70 116.39 8191 12942 0.08 2.78
18.105 2.85 2.75 113.93 8257 14320 0.08 2.83
20.008 2.75- 2.77 112.62 8326 15451 0.09 2.86;
14 173.8 132.36
10 167.0 132.39
4 152.9 132.40
TABLE 27
f = 50, Ito.socT1 11^ 30,-11^ 0, - T = 25°C*
r ITI-Hr r —  T - r - T T ' r t  -rnr .r.—  ^  rr *
10^ Concn, 
ecruiv.
i:1
(A A*)
exptl. Falken-
ha,gen
A  oj
106 <j 
t\Q
l o V W - 2 (dA^)th.
Gilkerson]
(3.53)
(a A^) th. 
Tbtal 
(3.56)
2.6961 1.75 1.72 127.32 7;681 2885 0.03 1.75
4,5029 1.98 2.08 124.80 7784 4527 0o04 2.12
6.1531 2.44 2.31 123.28 7839 5932 0.06 2.37
8.9152 2.67 2.57 120.66 7.952 8092 0 .08 2.65
10.952 2.74 2.71 118.90 8032 9573 0.09 2.80
13.349 2.83 2.84 117.10 8115 11227 0.10 2.94
15.675 3.08 2.93 115.82 8168 12780 0.11 3.04
18.127 . 3.08 3.00 114.17 8251 143069 0.13 3.13
19.226 3.15 3,03 113.59 8278 14982 0.14 3.17
410 Conon. 
e caii'v. 
i:1
(a A 55)
exptl.
(6 A$)th.
Falken-
hagen
> e
IQ6 0
A  4)
lo^cAwfi2 (aA$)th.
Gilkerson
(3.53)
Total
(3.56)
2.3036 0.29 0.25 127.17 7602 2525 0.00 0.25
4.3347 0.20 0.14 123.40 7732 4409 0.00 0.14
6.5804 0.19 0.09 120.31 7850 6296 0.00 0 .09
9.0173 0.22 0.06 117.63 7961 8181 0.00 0 .06
10.842 0.24 0.05 115.81 8042 9501 0.00 0.05
13.493 0.23 0.03 113.46 8153 11311 0.00 0.03
15.432 0.29 0.03 III.96 8226 12570 0.00 0.03
17.018 0.25 0.02 110.TO 8293 13551 0.00 0.02
18.978 0.30 0.02 109.34 8364 14732 0.00 i 0.02
TABLE' 29
f * 2 Ma.secT1 MnSO^-HUO T « 25°C.
/)
10 Concn. 
equi^ r.
171
(a /Y)
exptl.
(AA/0)th.
Falkesi—
hagen.
A *
lO^jL
A w
io5cAwf±2 (A A^ )-fch.
Gri llcerson
(3.53):
(A A  <f0) th.
Total
(3.56)
1*8691 0.53 0.54 128.39 7577 2090 0.00 0.54
4.3526 0.41 0.37 123.63 7735 4423 0.00 0.37
6.7332 0.36 0.26 120.32 7859 6417 0.00 0 .26
9.0458 0.33 0.20 117.71 7966 8199 0.00 0 .20
n .229 0.30 0.16 114.54 8134 9695 0.00 0 .16
13.884 0.37 0.12 113.29 8165 H573 0.00 0 .12
15.196 0.40 0.11 112.25 8216 12422 0.00 0.11
16.556 0.36 0.10 111.19 8270 13274 0.00 0 .10
18.984 0.41 0.08 109.45 8361 14741 0.00 0.08
Ao
133*92
133.97
134*02
cl > S.
14
10
Ka
221.2
215.3
202*9
10"r Concn. 
ecraiv0 
i: 1
( * A q
exptl.
th.
Falken-
hagen
A. lO ^ X  A  & 105cAwfi2- J — th.Gilkersom
(3.53)
(A.A^ )th.,
Total
(3.56)
2.5323 O.69 0.68 127.07 7626 2795 0.00 0 .68
4-5201 0.62 0.57 123.64 7744 4571 0.00 0.57
6.8708 0.60 0.45 120.44 7862 6530 0.00 0.45
9.1720 0-51 0.36 117-73 7971 8293 0.00 0.36
11.779 0.47 0.29 115.22 8033 10153 0.00 0.29
14.480 0.45 0.23 112.91 8191 11958 0.00 0.23
16.497 0.47 0.20 111.33 8269 13235 0.00 0.20
19-011 0.47 0.17 109.43 8366 14751 0.00 0.17
TABLE 31
f - 5 Mc.seo7^ MnS0„-Ho0 T = 25 C.
A10 Concn. 
ecuiv.
171
(a A??)
exptl. Falken-
liagen
A u
106J_, 
A  L)
lo^cAuf-2 (^A^)th.
Gilkerson
(3.53)
(A/V) t'h. 
Total 
(3.56)
2.7324 0.94 0,92 127.10 7635 2940 0.00 0.92
4.5306 0.88 0.88 123,94 7749 4578 0.00 0.88
6.8758 0.78 0.79 120.64 7876 6524 0.00 0.79
8.7511 0.74 0.71 118.49 7961 7972 0.00 0.71
11.409 0.70 0.61 115.81 8076 9889 0.00 0.6l
14.026 0.65 0.53 113.51 8180 11654 0.00 0.53
16,141 0.62 0.47 111.79 8264 13003 0.00 0.47
17.944 0.55 0.43 110.42 8333 14106 0.00 0.43
TABLE 32
f = 10 HCoSecT1 . IkiSO^ -HkO T « 25°C.
A
10^ ' Concn. 
ecruiv. 
i : 1
(*A«)
exptl.
(&Afo)th.
Falken-
hagen
A *
io6'J_
■ ir«i —iu«
A  u
lO^oAof-2 (aA^th.
Gilkerson
(3.53)
(a A
Total
(3-56)
2.4755 1.15 1.21 127.86 7624 2690 0.00 1.21
4.1173 1.31 1.31 125.13 7723 4215 0.00 1.31
5.9269 1.28 1.32 121.18 7881 6563 0.01 1.33
9.0747 1.23 1.28 118.73 7983 8206. 0.01 1.29
11.470 1.27 1.22 116.40 8083 9927 0.01 1.23
13.829 1.10 1.15 114.16 8189 11506 0.01 1.16
16.366 1.08 1.08 112.11 8287 13123 0.01 1.09
18.592 1.03 1.02 110.39 8373 14470 0.01 1.03
.
Ka
<1
14 228.6 134.06
10 222.6 134.11
4 210.2 134.15
TABLE 33
f = 15 Mc.seoT1 MnSO.- H ^  T « 25°C.
10“^ Concn, 
eguiv.
lT1
(a 'Y)
exptl. Falken-
hagerr
A *
10 6 j io5cA^f-2 (& A$)th.
Gilkerson
(3.53)
(&A$)th.
Total
(3.56);
2.3403 1.35 1.33 ‘128.61 7596 2564 0.01 1.34
3.9989 1.45 1.51 125.49 7721 4107 0.01 1.52
6.5052 1.60 1.62 122.12 7856 6229 0.02 I.64
8.7607 1.66 1.65 119.57 7963 7978 0.02 1 .67
11*258 1.59 1.63 116.97 8081 9772 0.02 1.65
13.615 1.61 1.6.0 114.92 8174 11372 0.03 1.63
16.561 t 1.51 1.55 112.47 8295 13243 0.03 1.58
19.025 1.46 1.50 110.57 8394 14719 0.03 1.53
a, 2. Ka
<1
14 233.1 134.26
10 227.3 134.31
4 215.2 134.35
TABLE 34
f = 20 Me, sec,1 MnSO^-I-UO T « 25°C.
610 r Concn. 
ecruivr*
(aA i)
exptl.
(A A^)th. 
Falken-
hagen
f \ U)
106
/\tx>
io5c:Att>f~2 (a A^)tiU
Gilkerson
(3.53)
(A A$)th. 
Total 
(3.56)
2.3420 1.43 ■ 1.42 128.51 7609 2562 0.01 1.43
4.3057 H-* • -0 CO 1.68 125.40 7727 4385 0.02 1.70
6.8987 1* 88 1.84 121.91 7874 6544 0.03 1.87
8.9278 1.84 1.89 119.60 7916 8098 0.03 1.92
II.856 1.99 1.92 117.13 8079 10215 0.04 1.96
13.958 1.98. 1.92 115.05 8I84 11602 0.05 1.97
16.541 1.90 1.92 112.91 8292 13235 0.06 1.96
18.888 1.91 1.87 111.51 8382 14648 0 .06 1.93
TABLE 35
f « 25 Mo* secT1 MtiSO^ U 0 T ** 25°Cc
410 Ccmcn. 
ecmiv.
x:1
(*A%)
exptl. Ealken-
hagen
3
< i°6JL'«ii ilr  *  —
AiJ
io5C/Wfl2 (a A$)th*
Gilkerson
(3*53)
(A A>fo)±h,
Total
(3.56)
2.1180 1.46 1.43 129.05 7590 2341 • 0.02 1*45
4.2886 1.78 1.78 125.44 7733 4366 0.03 1.81
5.9182 1.93 1.93 123.23 7826 5751 0.04 1.97
8.3504 2.13 2.05 120.55 7940 7673 0.05 2.10
10.823 2.21 2.13 118.11 8050 * 9479 0.06; 2.19
13.223 2.32 2.16 116.19 8136 11139 0.07 2.23
16.279 2.27 2.17 113.51 8274 13083 0.08 2.25
18.888 2.20 2.16 111.48 8382 14649 0.09 2.25
19.624 
.....
2.22 2.16 [110.99 8407 15083 0 .09 2.25
14 227.9 134.17
10 222.1 134.22
4 210.1 134.26
TABLE 36
f = .30 Mcr.secT1 MnSO.-H^O T «= 25°C." r ■ ' '"
A „LO Concn.
ecruiv.
171
exptl.
(&/Vj,)th.
Falken-
hagen
A u) 106 0 Acj io5cA^f-2* Oi lkerson
(3.53)
(a A^) th. 
Total 
(3.56)
2.1695 1.60 1.48 129.06 7590 2393 0.02 1.50
3.2260 1.75 1.70 127.16 7666 3406 0.03 1.73
4.8356 2.03 1.92 124.87 7759 4846 0.05 1.97
7.7898 2.21 2.16 121.26 7916 ■ 7242 0.07 2.23
10.124 2.41 2.26 119.03 8014 CO VO CO ov 0.08 2.34
12.785 2.46 2.34 116.60 8130 10832 0.10 2.44
14.806 2.46 2.37 114.88 8217 12152 0.11 2.48
17.243 2.56 2.39 113.08 8307 13681 0.12 2.51
19.454 2.56 2,40 111.45 8394 
______
14993 0.13 2.53
14 227.7 134.21
10 221.9 134.25
4 209.6 134.29
TABLB 37
T » 33 Mc.secT1 : . MnSO^~H^Q T = 25°C.
10^ Concn. 
ecruiv.
171
exptl.
(& /\f0) th . 
Fa.lken- 
hagen
3
< 1q6jL
/\k)
io c^vW ^ 2 (&/\%)th,
Gilkerson.
(3*53)
(a A^)th.
Total
(3.56)
2.1288 1.50 1.51 129.07 7594 2351 0.03 1.54
3.8775 1.93 1.86 126.28 7704 4003 0.06 1.92
5.9209 2.20 2.11 123.58 7819 5758 0.08 2.19
8.6039 2.38 2.31 120.63 7948 7867 0.10 2.41
10.895 2.48 2.42 118.35 8056 9527 0.12 2.54
13.325 2.63 2.50 116.34 8151 11194 0.13 2.63
16.502 2.65 2.56 113.77 8283 13220 0.15 2.71
1 19.184 2.75 2.58 111.82 8387
----- -j
14332 0.17 2.75
TABLE 38
f « 40 Mcr.secT1 HnSO^-H^O T1 = 25°C.
104 Concn. 
ecruiv. 
i-:1
(* H )
exptl.
(&A^)th.:
Falken-
hagen
3
< 10 6J _
/\u>
io5cAfc>f-2 (&A/£)th.
Gilkerson
(3.53)
(A A$)th. 
Total 
(3.56)
2.4910 1.72 1.62 ' 128.58 7612 2709 0.05 1.67
3.8962 1.93 1.90;’ 126.24 7709 4018 0.07 4 1.97
6.3261 2.31 2.21 123.14 7841 6088 0.10 2.31
8.7365 2.51 2.41 120.60 7954 7966 0.13 2.54
11.281 2.74 2.55 118.28 8062 9809 0.15 2.70
13.664 2.81 . 2.64 116.23 8163 11420 0.18 2.82
16.585 2.84 2.71 113.92 8282 13276 0.20 2.91
19.655 2.98 
i____
2.7 6 111.77 8397 15118 0.23 2.99
_____
TABLE 39
f = 50 Hcr.secrT1 MnS0^ -H2,0. T = 25~°Cy
10^  Concn. 
ecmiv.
IT 1
(a A*)',
exptl.
(a A^0) th.
Falken-
hagen
A u >
IQ6 &
A  w
lo ^ c A iu f i2
~ T “
(a /\j£)tli. 
Gilkerson 
(3.53)
(a /V$)th»
Total
(3.56)
2#3437 1.72 1.63 128.87 7603 2565 0.06 I.69
3.9936 1*99 1.99 126.16 7716 4109 0.11 2.10
6.4332 2.47 2.33 123.23 7841 . 6178 0.16 2.49
8.6199 2.68 2.54 . 120.93 7946 7882 0.19 2*73
11.743 2.86 2.75 117.98 8089 10121 0 .24 2.99
13.768 3.01 2.85 116.39 8X66 11489 0.27 3.12
15.613 3.19 2.92 115.08 8231 12687 0.29 3.21
17.724 3.23 2.99 113.49 8317 13984 0.31 3.30
19.615 3.35 3.03 112.23 8385
,
15111 O'. 34 3.37
104 Concur, 
emiiv. 
i:1
exptl.
(dAfitii,
Falken-
hagen
A o O
106X .  
A  u)
l05cAwf-2
* Cfilkerson
(3.53)
(AA^)th,
Total
(3.56)
2.7381 0.30 0.22 125.57 7668 2934 0.00 0.22
4.8229 0.28 0.12 121.93 7795 4814 0.00 0.12
6.4242 0.25 0.09 119.57 7893 6135 0.00 0.09
8.3912 0.28 0.06 117.08 7998 765 6 0.00 0.06.
10.384 0.30 0.05 114.92 8098 9103 0.00 0.05
12.551 0.29 0.04 112.85 8197 10590 0.00 0.04
14.432 0.32 0.03 111.26 8275 11823“ 0.00 0.03
15.990 0.35 0.03 109.99 8341 12801 0.00 0.03
17.616 0.37 0.02 108.81 8401 13797 0.00 0.02
19.506 0.38 0.02 107.52
_
8470 14915 
... .
0.00 0o02
TABLE 41
f =» 3 We* seoT1 CuSO^-E^O T = 25°C.
10^  Concn. 
ecniiv. 
i:1
(*A#);
exptl.
(AA^)th.
Falken-
hagen
A*3
lO^cAwf-2 (&A/0)th.
Gilkerson 
(3.53)
(AAfo)th.
Total
(3.56)
2.7302 0.64 0.67 126.11 7672 2921 0.00 0.67
4.9764 O.67 0.55 122.33 7804 4937 0.00 0.55
7.2569 0.60 0.44 119.12 7932 6784 0.00 0.44
9.7018 0.53 0.35 116.19 8061 8602 0.00 0.35
11.990 0.54 O.29 113.90 8166 10196 0.00 0.29
14.800 0.51 0.23 111.48 8283 12037 0.00 0.23
16.866 0.54 0.20 109.94 8360 . 13326 0.00 0.20
19.141 0.49 0.18 108.28 8449 14675 0.00 0.18
14 239.0 133.59
10 233.6 133.66
4 222.0 133.72
TABLE 4-2
f *5 Mcr.secT1 CuS0„-H„0 T  = 25°C.
-— -c-— ■. — — 4— .2— ■ ■ -—   
£
LO h Concn* 
ecruiv. 
i:1
C*A»-
exptl.
(AA^)th.
Falken-
hagen
A &
106 $ 105cA<af- 2
i '
{tk/\fo) th. 
Gilkerson 
(3.53)
(aAffo) th.
Total
(3.56)
2*7302 0 .8 9 0.92 126.44 7675 2924 0.00 0.92
4.2754 0.91 0.89 123.74 7772 4335 0.00 O .89
7.2153 0* 88 0.77 119.49 7942 6755 0.00 0.77
9.5619 0.84 0.68 116.69 8064 8511 0.00 0.68
11.994 0.81 0.60 114.24 CO *•—•
3 ON 10212 0.01 0.61
14.436 0.7 6 0.52 112.07 8280 11820 0.01 0.53
16.850 0 .70 0.46 110.14 8378 13326 0.01 0.47
19.438 0.65 0.41 108.24 8479 14859 0.01 0.42
TABLE 43
f = 7.5 Mc-.secT1 CuSQ^-H^O
10^ Concn* 
ecruiv, 
i:1
(A A <?<>) 
exptl.
(a A^)th.; 
Falken*- 
liagen
A u i°6JLA iOio c^/ W t^ 2 (A A^)th#Gilkerson
(3.53)
Total
(3.56)
2.7108 j 1.05 1.09 126.69 7675 2905 0.00 I.09
4.9027 1.23 . 1.15 123.17 7804 4880 0.01 1.16
7.1567 1.14 1.10 119.88 7943 6707 0.01 1.11
9.5765 1.13 1.05 117.01 8068 8518 0.01 1 .06
12.036 1.11 0.98 114.54 8181 10237 0.01 0.99
14.573 1.04 0.91 112.24 8293 II899 0.01 0 .9 2
17.078 1.03 0.86 110.30 8389 13461 0.01 0.87
19.535 0.93 0.81 108.46 8487 14909 0.01 0.82
TABLE 44
10 Mc.secT1 CuSO^-HUO T = 25°C.
10^ Concn. 
ecruiv.
171
(&Afo)
exptl.
(a yy0)th.
Falken-
hagen
3 
! 
<
i°6JL
Au>
lo^ cAutf-2 (&A%)th. ■ 
Gilkerson 
(3.53)
UA#)th<
Total 
(3.56) ■
2.1847 1 1.17 1.18 ;127.93; 7634 2396 0.00 1.18
4.3422 1.38 1.31 124.22 7772 4395 0.01 1.32
6.5478 : 1.34 . 1.32 120.92 7910 6227 0.01 1.33
9-1697 1.34 1.28 117.69 8053 8218 0.01 1.29
11.234 1.25 1.23 115.42 8160 9673 0.02 1.25
13.503 1.27 1.16 113.42 8252 11203 0.02 1.18
16.559 1.19 1.09 110.85 8381 13128 0.02 1.11
18.917 1.19 1.02 109.19 8465 14548 0.03 1.05
TABLE 45
f ~ 15 Me, sec.1 CuSO -II 0, T = 25°C.
f.... '—
10^  CToncn*
ecruiv.
i:1 :
(AA$)
exptl;
(*.A$)th.
Falken-
hagen
A 60 106 &A<j 105cAuf~2r  <f> ' (a A$)th.Gilkerson
(3.53)
(a A$)th.
Total
(3.56)
2.7334 1.36 1.39 127.00 7677 2926 0.01 1.40
4*2983 1.63 1.53 124.59 7767 4358 0.02 i 1.55
6* 5081 1; 66 1.62 121.36: 7906 6195 0.03 1.65
8.4436 1*65 1.64 118.89 8018 7681 0.G3 1.67
11.492 1.70 1.63 115*71 8166 9356 0.04 1.67
14.095 li 59 1.59 113.27 8287 11575 0.05 : 1.64
16.562 1.68 1.55 111.40 8378 13134 0.05 I.60
19.628 1.63 1.49 l09.il 8500 14949 0 .06 1.55
TABLE 46
T «* 20 Me* sec'71 CuSO ~h2o T = 25 C.
10^ Concn. 
equiv,
lT1
C* A#)
exptl.
(a A^) th. 
Falken-
h s,gen
A w
io6; gf
A CO
lo^cA^f-2 (A A$)'th. 
Gilkerson 
(3.53)
(a A/Qth. 
Total 
(3.56)
2.2556 1.32 1.40 127.94 7647 2464 0.02 1.42
3.5683 1.57 1.60 125.73 7732 3702 0.03 1.63
5.8379 1.74 1.78 122.39 7873- 5852 0.04 1.82
8.5188 1.96 1.88 199.18 8015 7743 ' • 0 .06 1.94
11.189 1.98 1.92 116.31,^ 8153 9647 0.07 1.99
13.504 1.89 1.92 114.18 8258 11197 0.08 2.00
15.849 1.98 1.90 112.26 8355 12688 0.09 1.99
17.991 a .99 1 • 88 n o .72 8434 13996 0.10 1.98
19.824 1.95 | 1.86 109.37 8508 15061 0.10» 1.*
14 245.1 133*63
10 239.6 ^ 133.68
4 228.2 133.73
TABLE 47
f = 25 Mc-.seoT1 CuSO^-H^O T = 25°C.
410 Concn. 
erruiv.
x:1
( a A tfo)
exptl.
(a/\$)th.
Falken-
hagen
A o
10° j 
t\i*>
io5cA^fi2
$
( a  A$)tn.
Gilkerson
(3.53)
(&A$)th.
Total
(3.56)
2.2445 1.45 1.46 128.16 7638 2455 0 .03 1*49
4.5756 1.80 1.81 124.35 7793 4596 0 .06 1 .87
6.6855 1.97 1.97 121.47 7921 6334 0.08 2.05
8.8490 2.11 2.07 118.96 8037 7984 0.10 2.17
11.256 2.24 2.13 116.54 8152 9697 0.11 2.24
13.806 2.31 2.16 114.34 8260 11406 0.13 2.29
15.849 2.30 2.17 112.61 8351 12694 0 .1 4 2.31
17*720 2.40 2.16 111.33 8415 13846 0.15 2.31
19.626 2.40 2.16 109.96 8489 14963 0 .16 2.32
TABLE 48
f = 30 Mc.sed1 CuSO^-H^O ' T » 25°C.
A10 r Concn. 
ecuiv.
1 : 1
(A/V)
exptl.
(a A$)th. 
Falken- 
hagen
A t ,
106 $imUim
AjO
io5c/W~2 (A/\$)th.
Gilkerson
(3.53)
(AVy?)th.
Total
(3.5&)
2.8199 1.61 1.62 127.16i 7681 3009 \ 0.05 1.67
4.9057 ' 1*95 1.92 124.04 7810 4880 * 0.08 < 2.00
7.1562 2.15 2.11 121.08 7944 6706 0.11 2.22
9.5S96 2.42 2.24 118.51 8063 8518 0.14 : 2.38
11.958 2.53 2.31 116.20 8176 10185 1.17 2.48
14.340 2.59 2.36 114.15 8280 H753 0.18 2.54
16.887 2.6l 2.38 112.17 8383 13342 0.20 2.58
19.547 2.64 2.39 110.29 8485 14920 0.22 2.61 
_________
K Aa / \o
241.5 133.61
236*1 133.67
224.8 133.73
14
10
4
LO^  Concn, 
ecruiv,
lT1
(kAfr
exptl.
(A/V)-fch.
Falkpn-
hagen
3< 10 SJLAd
lo^cAwfi2
t..
(a A^)th.
Gilkerson
(3.53)
(A/^)th. 
Total 
(3,56)
2,8035 I.67 1.66; 127.27: 7678 - 2994 0.06 1.72
4.5725 2.04 1.95 124.68 7784 4597 0.10 2.05
6.6718 2.26 2.17 121.81 7914 6327 0.15 2.32
8.5053 2.49 2.3Q 119.79 8007 7739 0.17 2.47
11.033 2.57 2.42 117.15 8138 9547
0C\J.
0
2.62
13.352 2.74' 2.49 115.20 8234 11118 0,23 2.72
15.450 2.76 2.54 113.46 8325 12457 0.25 2.79
17.574 2.81 2.57 111.88 8409 13759 0 .26 2.83
19.719 2.83 2.59 110.39 8491 15020 0.29 
\ . . . . . . . . - . . .
2.88
FABLE 50
f - 40 Mc.secT1 CuSO^-H^O T = 25°C«
4LO Concn. 
ecruiv.
i: 1
(a A  %y
e:cpil.
(a A/Qtiu
Falken-
hagen
3
< 106 <$ 
A w
io5cA**r-2 (a A  $ ) th .
Gilkerson
(3.53)'
(A A ^ ) th ,
T o ta l
(3.56)
2.80o4 1.63 I.69 ’127* 22.; 7683 2995 0.07 A.l.76
4.4611 1.98 1.99 124.75 7786 4495 0.13 2.12
5.7694 2.27 2.15 123.12 7356 5604 0.17 2.32
7.6574 2.50 2.32 120.86 7961 7100 0.20 2.52
9.8791 2.71 2.47 118.52 CO 0 —J
 
L>-
> 8744 0.24 2.71
12.066 2.81 2.57 116.45 8177 10263 0.27 2.84
14.313 2.96 2.65 114.61 8270 11746 0.30 2.95
17.028 3.07 2.71 112.58 8377 13444 0.33 3.04
19.824 3.14 2.75 IIO.65. 8482 15098 0.37 3.12
14 236.7 . 133.53
10 231.3 133.58
4 220.1 133.64
*P A R T  III 
S E C T I O N  3. 
DISCUSSION OP RESULTS
1. Audio-frequency results
The measured audio-frequency equivalent conductance 
results for magnesium sulphate have been discussed in the 
preceding section. The results for manganese(11) sulphate
and copper(II) sulphate, measured over the same concentration
-4 -3 -Irange (2 x 10 to 2 x 10 equiv.l. “), are shown in Tables
IS and 17, together with the values of a, calculated from
(3.23), and 0 and c A f calculated using 0 given by
/\ *ST
(3.25) . These results are for ja = 14 A in both the
conductance equation and the activity coefficient expression.
The final, reiterated values of A o  for a-values of’ a —•
14, 10 and 4 X are shown at the foot of each table.
It is useful to compare the values of II obtained ina
the present work with those obtained by other investigators
using various experimental methods and extrapolation
techniques. Each electrolyte will be considered in turn;
the 11 values' shown are rounded off to + 0.5. a —
MffSO4
TABLE 51
Present work f = 0.001 Me.sec. T =■ 25 C
a
182
184
124
128.5
136.5
179
171
157
a
14
4.3
14
10
4
14
10
4
Extrapolation technique » 
Davies 1 s method.
fi n
Fuoss and Kraus,
Equation {3.10)
Falkenhagen-Leist-Kelbg eqn. 
followed by Equation (3*26)
The calculated K value is strongly dependent upon 
the a-value chosen and upon the particular theoretical 
treatment used to describe the behaviour of* the free ions.
Table 52 shows values of E taken from the literature,
Si
for MgSO^_ in watery at 25°C.
TABLE 52
Previous work T = 25 C
Ea Method Authors
161
185
Limiting
Limiting
law
law
1 conductance 
conductance
Dunsmore and J a m e s ^ * ^
rJones and Monk
202 14.3 conductance Robinson and Stokes
192 14 conductance Prue and Otter
164 10 conductance t »
104 4.3 conductance ?! 1!
22? 4.3 potentiometric Jones and Monk^*^
179 4.3 p o t e n t io a e t r
r7n
■ic N a ir  and N a n c o lla s
165 10 ultrasonic f41 "iAtkinson and Petrucci
relaxation
The association constant values vary considerably
more, between authors, than one would expect. The variation
is due mainly to the different methods adopted in the
treatment of the data; this becomes evident when one
considers that all the values of E in Table 52 which werea
obtained by conductance, were derived from the same 
experimental data - that of Dunsmore and James.
A comparison of Tables 51 and 52 shows that the Ea
values obtained in the present investigation, and in 
particular those from (3.26), fall within the range of 
values found by other workers.
Mm(II)SQ,
TABLE 53
Present work '.001 Me .sec,”1 T = 25°<
a
231
225
213
a
14
10
L
Extrapolation technique 
Falkenhagen-Leist-Kelbg eqn. 
followed by equation (3.26)
The ion association equilibrium in aqueous MhSO^ 
solutions has been less widely studied by other workers than 
the MgSO^ system; some association constant values are 
shown in Table 54.
TABLE 54
Previous
work 25 C
na
192
133
136
146
181
139
a Method Authors
Limiting laws conductance James
5.0
4.3
5.1
4.3 
10
conductance
conductance
conductance
[72]
Atkinson and Hallada [55]
Petrucci, Herames, and 
Battistini^^
do,
potentiometric Nair and Nancollas
r 4 oiultrasonic Atkinson and Kor J 
relaxation
[71]
Once again there is considerable scatter in the values 
of E found in these investigations. The low values found by
cl
Atkinson and Hallada, and by Petrucei, Hemes, and Battistini, 
compared to those found in the present work, are probably due 
to the investigation of rather more concentrated solutions,
k -35. a 10 ^ to 6.3 x 10  ^ equiv.l. \  and 5 s: 10~ ^ to 4.5 sz 10 
-1equiv.l. , respectively, than those used in the present case
(2 x 10 to 2 x 10  ^ equiv.l. #
Cu<IX)S0^
Present work
TABLE 55
f = 0.001 Me.sec."1 T = 25°«
a
251
246
235
£
14
10
4
Extrapolation technique# 
Falkenhagen-Leist-Eelbg eqn. 
followed by equation (3-26)
Previous work 
fa a, &
233 3*64
21? 4.3
222 4.3
286 14
250 10
125 4.3
TABLE 56
Method
conductance
conductance
T = 25 C
Authors 
Owen and Gurry 
Wyatt
[52]
F751
spectrophotometdlc Bale, Davies, and Monk
spectrcphotometrie Davies, Otter, and Prue 
spec t ro photometric u ” t?
spectroohotomeiric n •«. u
[76]
The values of li obtained in the present work fall, 
once again, within the range of values found by other workers.
For the electrolytes considered there is obviously 
considerable variation in the value which can be assigned
r 521to . Gwen and Gurry considered the association
constant, to be "oore of the nature of an adjustable
mathematical parameter than a definite physical entity.”
In systems, such as those studied in the present
investigation, where the proportion of ion-pairs is very
small, the numerical value of\E is very dependent upona ~
the distance a_ which defines tlip boundary between the
paired-ion and f r e e - io n  classes! The conductimetric
/ \ J estimate of (1 - a) depends upon the difference between the
measured equivalent conductance Values and those calculated
assuming complete dissociation; the sensitivity of this
difference increases with increasing dissociation, and it
is not surprising that when dissociation is almost complete,
the value of 31 is very dependent upon the .theoretical
model used to describe the i n n - p a i r  and to calculate the
conductance of the free-ions.
As previously mentioned, extrapolation according ..
to (3.26) enables both K  and A o  to be obtained. Table 57a
summarises the values of A o  obtained, from the audio­
frequency conductance data, for each electrolyte using 
this extrapolation function. For comparison the values of 
Ao available from the literature are a^ lso -listed in this
/
table.
TABLE 57
Equivalent conductances at infinite dilution
_a, & MgSO^ MnS0Zi CuSO.He
l_k' 132*50 134.12 133.78
10 132.55 134.18 133.85
4 132*56 134.2,3 133.91
Literature 133. o6^ -3^ 133* 22^5^ 133
values 132.46x
3 £
( Author's ora calculations, applying the extrapolation 
technique of Fuoss and Kraus to the conductance data of 
Dunsmore and Janes).
It will be noticed that the variations of /\o with
a_ are very much smaller than the corresponding variations
of K *. The difference between the /\o values for MnSO, 
a £
obtained in the present workfand the value published by
r 551
Atkinson and IlalXada is probably due to the fact that
conductance measurements were made on rather more dilute 
solutions in the present case* The value 133*06 for /\ o 
forMgSOj is Davies's estimate from the limiting ionic 
conductances of the individual ions.
It maybe concluded that the new extrapolation function
(3.26) derived, using the values of 0 calculated by the 
Falkenhagen, Leist and Kelbg extension to the limiting 
conductance equation, gives satisfactory values of both
K and Ao for the three hi-bivalent electrolytes studied, a
2. Radio-frequency results
The dispersion of equivalent conductance, A / \  , of 
aqueous solutions of magnesium sulphate, manganese(II) sulphate 
and copper(II) sulphate has been measured at various
_ £, _ q Tj
concentrations in the range 2 x 10 to 2 x 10 equiv.l.
-1and at several frequencies between 1 and 3 0 Me.sec.
These experimental results, (aA/o) (exptl.), are shoxm in 
Tables 18 to 30, together with the theoretical percentage 
increase in conductance, (A A%) th. (Falkenhagen)f calculated 
from:
A* A*
(A A%)th. x 100   (3.27)
-A. f!) -  0
where A, to and A to = o are the molar conductances at the radio- 
frequency to, and at 1 Kc. sec. , respectively, calculated 
from the F a Ik enlia gen, Leist and Kelbg equations, for the 
particular' concentration and frequency required. In these 
calculations an a-value of 14 2 was assumed, and the ionic 
concentrations (otcT) were used; the required values of a 
were calculated using the law of mass action and the values 
of the association constant found previously for each salt, 
from its audio-frequency conductance data, by means of
(3.26), also using an £* value of 14 2.
Figures 20 to 52 show, for each electrolyte,at every 
frequency used, the experimentally-measured percentage 
dispersions and the corresponding calculated dispersions 
(solid lines). (See pages 175 to 191)*
For magnesium sulphate, the experiinental points 
are in overall agreement with the theoaro-fcjLcal curves, 
although there is a slight tendency for the experimental 
points to lie a little above the curves at the higher 
concentrations, ToarticuXarly at the highest frequencies
r 12]used. This is similar to the behaviour found by W i e n "  
with aqueous magnesium sulphate and barium ferricyanide 
solutions. There is thus an indication of increased 
dissociation of ion-pairs at these frequencies.
Manganese(II) sulphate shows considerably more
pronounced departures from theoretical behaviour. Starting
from the lowest frequency used (1 Me.sec."1) it will be seen
that the deviations tend to increase to a maximum at about
2 to 3 Me.sec. : gradually diminish, so that at 10 to
-115 Me.sec., the experimental and theoretical values are 
essentially in agreement: and then increase once more over
the rest of the frequency range studied. This behaviour is 
also shown by copper(II) sulphate,where the deviations' at the 
highest frequencies are even more pronounced.
For all three electrolytes, the greatest deviations 
from theoretical behaviour are found at the higher 
concentrations; this, and the fact that the deviations are 
greater the "weaker" the electrolyte at co = 0, suggests 
that ion-pairs may dissociate . and so contribute to the 
radio-frequency conductance of these ionophores.
Since the conductance measurements are made at 
several concentrations for each frequency, it is not
convenient to compare directly the results for the different 
electrolytes,or even those for the same electrolyte at 
different frequencies. However, this difficulty is easily 
overcome by calculating the association constant for each 
electrolyte, at each frequency at which conductance
measurements were made, by means of the extrapolation
A 2_ 03 >
0
calculated using (3.25) to obtain 0, are shown in Tables 18
to 50. The values shown are those for an a-value of l(fc 2,
and the corresponding values of K and *Ao for this value.° a ’•
and for _a--values of 10 2 and k 2 , are shown at the foot of 
each table. The values of K for each electrolyte, at each
Si
frequency used, and for an a-value of 14 X are summarised
in Table 53, and these values are plotted against the
frequency in Figures 16, 17, and 18. Since li is obtained
from the slope of the extrapolation plot, it is found that
the relative values of .A at different concentrations, rather
than the absolute values, affects the value of K for aa
given electrolyte. The heights of the error bars in these
figures indicate the experimental uncertainty in K obtaineda
from considerations of the accuracy of the conductance 
measurements, based on the discrimination of the bridge, at 
the various concentrations. The errors range from _+ 0.15% 
at 2 x 10 ^e quiv„h~^ to _+ 0 .06% at 2 x 10  ^ equiv.l.”**
The manganese(II) sulphate and copper(II) sulphate plots 
show a similar type of behaviour; K decreases with 
increasing frequency to a minimum value at about 2 or 3 Me.sec. 
increases with further increase in frequancy# until at 10 to
TABLE 58 
Variation of K with, frequency
Frequency
-1"Me.sec.
K l.mole„~1
3.
MgSO^ I-InSO^ CuS0Zi
0.001 178.8 230.7 251.1
1 180.8 non oUs US ^  ^  US 2A1.G
2 17 A. 9 221.2 - .
3 175.5 221. A 239.0
A 177.5 - -
5 179. A 222.A
00•
0CO
7.5 - - 242.5
10 17 A * A 228.6 247.3
15 - 233.1 247.5
20 17 A. 8 229.3 24-5.1
25
V 227.9 242.4
30 175.1 227.7 241.5
35 - 227.9 242.6
A O 173.8 225.6 236.7
50 171.9 221.9 —
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15 He .sec* K approaches tho audio-frequency* value, and a
then decreases steadily* over the rest of the frequency
range studied. This behaviour is less well defined with
magnesium sulphate, but the overall shape of the curve is
similar to those of the other two electrolytes. Similar
shaped curves are also obtained for the values of Id with aa —
equal to 10 2 or k 2 .
The Debye-FaIkenhagen theory considers only the
effect of the alternating field on the atmospheres of the
free ions, and the behaviour described above cannot be
explained in terms of this theory; the ion-pairs are
assumed non-conducting even at high frequencies. The effect
of such fields on the free ions — * iom-pair equilibrium was
f*23lfirst considered theoretically by Pearson, who showed
that measurable increases in conductance should occur at
high frequencies, in solutions of weak electrolytes, due to
relaxation of the ionisation equilibrium. These conductance
increases are expected to become significant, for the
—  1
electrolytes considered here, at about 10 Me.sec.” , that is, 
at about the same frequencies as those due to the Debye- 
Falkenhagen effect, and the two effects are additive.
Theoretical Calculation of the Dispersion of Conductance due
to Relaxation of the Ionisation Equilibrium.
F77]
Cnsager has shown that an equilibrium such as:
* O .
*1
AB — = A + B'  ............. ..........  (3.23)
x ~ r  aq aq
2
wiil.be perturbed,. being shifted to the right, in the presence
of an electric field. Using very high, intensity fields
5 -i r7Pi
(10 volts cm. ) Berg and Patterson” obtained experimental
evidence for such a shift (the"second Tlien effect”or,f dissociation
field effect'!) in dilute aqueous solutions of magnesium, zinc,
and copper sulphates.
The dissociation field effect has only been observed
at these very high field strengths, but Pearson has shorn.
that small power losses should occur, due to relaxation of
the above equilibrium,even at very low field strengths, when
the frequency of the applied alternating field becomes
2 '
comparable with ^  , where T is the relaxation time for the
sy s t eo ,
T77 ]
According to Onsager, the rate of dissociation
of the ion-pairs in the equilibrium (3 .2,8) is increased 
to by a field of intensity E, while the rate of
o trecombination kg is unaffected (except for ion atmosphere 
effects, which are allowed for here).
p. _ > ° r1 + (3.29)
1 ~ K kT ! }i ....   *........
k2 = k2° ................................ ... (3.30)
Further, ^ 7] equilibrium in (3.28) is perturbed by an
amount
a /l ~ OC^ eqZ I eJ (r> ot\
zax — x ^  1 o 1 ’ 1 q£ I F T  • • • • • • • • • • • •  \
where x (= oca) is the equilibrium concentration of free ions, 
o
of valency S, when a is the concentration of AB if no 
dissociation were to occur, e is the electronic charge, 
kT the Boltzmann temperature term, and q is the Bjerrum
distance, the greatest distance of* separation between ions 
which nay still be considered as forming anion-pair, defined 
by J
^   .......   0.32)
2BkT 2DkT
for the above equilibrium, where Z^ =
Pearson considers only the case of very weak electrolytes 
such as acetic acid, where the degree of dissociation is very 
small; the ratio is then approximately equal to
and (3.31) becomes:
Ax = x eqZjEjo  . irnwm mwm,,
2IcT
In the present case, however, dissociation is almost complete, 
<X l, and hence must be retained.
The rate equation for dissociation, in (3*28), may be
written:
if = ki(a " x)-k2x2  ..................... (3*33)
where x is the instantaneous concentration of either A or B. 
If the e q u i l i b r i u m  value of the free-ion concentration i s  x q , 
then at equilibrium,
dx o
= k.°(a - x )-k°x = 0 ........ ...... (3.3^)dt 1 o 2 o
For a small perturbation (i.e. for l o w  field
strengths) the deviation Ax = 'x - x , of the instantaneous
c o n c e n t r a t i o n  x f r o m  t h e  e q u i l i b r i u m  v a l u e  x q , is a l s o
snail, (“  5 x 10”  ^ for a field of 1 volt cm. 1) .1 xo
• = isE _ dxo = k,(a - x)~k x2 ..........   (3.35)
dt dt —  1 2
= k_(a - x - Ax) (x + Ax)2 dt 1 • o 2 o
= k1(a-xQ)-k1Ax - k2xo2- 2k2xQAx - kgAx2 .... (3.36)
Substituting for k^° from (3.29), and neglecting the extremely
2small Ax term gives:
{& - Xn)+k,0oq2 |s| (a - xq)-kgX^-Axd^ + 2k2Xo )..(3.37
kT
and from (3.34),
eqz, {e] (a - x )- Ax(k.. + 2k0x ) ........... (3.38)v  °dAx ~~I v 1 ~ 1 v ^ ~o7 ' ^ 1 '
dt = kT
°r, dAx = Ki |E | _     (3>39)
o *
where = k^ eqZ(a - x0)» K2 = k^l + 2k2Xo^   .......  (3.40)
’ kT
If the field E is varying sinusoidally with time
E = S sin cot. .....................      (3.4-1)o
In (3.39) * it is the absolute value |e| which is important kinetically, 
To find J e | , the sine term in (3.41) is expanded as a
Fourier series:
M
7U
i \ 3QS 2ncot
/  < ^ 4 n 2-l
n»l
(3.42)
Substituting for jsj in (3.39) and solving for Ax gives:
2K,E 4K-E O Q ^ c o s 2ncot - (2nco/K0) sinfniot 
A- - ..1 -°- - 1 ^  \   2_________ (3 4-3)U a  — '-r ~r-r > O O O O •• \ J  • J  /TCiC,-, jr ft 2 , w  , » 2 2  2»2 2 (4n -1) (1 4* 4m a) /h  )
*1=1
plus a transient term which rapidly disappears.
For the equilibrium (3.28), the equilibrium constant
tr = b m  = (a?:)2-   (3.44)o , o a v ± - OC;
1C 
1 2
Assuming as a first approximation, k^ = k^°, for a small 
perturbation, then (k^ + 2k2x^) = (k^° + 2kgxq), and,
k2(aa)2
"2 ~ a (T-a) + 2k2aa = k2a0C(lTa +
= Ic2aa(l-r^) ........   (3.45)
and substituting for and into (3*43) gives:
A__ 2Zeqaa /l - 4Zeqaa/l - a\ cos(2na)t - 6n) t.c
Ax " ' nkT 'a) o----iwrt2— -"alEo ? ' .r"2“ “ "----  •* ( 3 ' £b
n = x ’*
2na)/K2 ^
where sin 6n = ■■ ■■«■ ■---—  and cos &n = -(3*47
(1 + k n  to'/ l i p (1 + 4n co /K2)
This expression for Ax is somewhat different from that 
originally obtained by Pearson, due to the retention of the 
ratio
If the oscillations of the field are very rapid, the 
variation in concentration of the ions due to the field will 
not be able to follow the changes in the field intensity 
completely, and there will be a phase -shift 6n for each 
component of the alternating field in (3*46)* It is this 
phase shift which leads to the absorption of power from the 
radio-frequency field, with the resulting increases in 
conductance.
/1 - q\ 
*2 - ocj
-1 -1The power loss, P, in ergs 1* sec* can be
that is, by multiplying each small change in concentration 
of the ions, d(Ax), by the corresponding free energy change, 
AF, for the conditions under which it occurs, 'summing all 
the changes over one cycle and multiplying by the number of 
cycles per second.
The free energy change involved in the formation 
of one mole of ions according to the chemical equation 
(3*28) in the presence of an electric field, is:
AF = AF° . + RTXn([A+][B_]/|-AB,)-eqZjEj N.
2
= -RTln7 2-- + RTln -I—  _ gqZIeIn(a - xq) (a - xq- Ax) - » 1
= RTln f U o + Ax)2 (a - xo)V  e q z b U
1 Ta-x;-^)  - 7 1 H
o
, (x 2 + 2x Ax) . , ,
OTln 1 ° ° !- eqZ Je| N
= RTln
2AxRT
Xo
--eq zj e | N .............................(3*49)
The calculation for P from (3*48) results in:
ft n\ lSe2Z2q2E2Nx u)2 2
p _ 9 /id*! ° ° \_ 2_____________ fi
\2_CV TC2kTK2 < p 4 n 2-l)2(l+4n2w2/%,2)
n=l
An error in Pearson’s paper should be pointed out at .this
2stage* The (4n -1) term in the denominator of equation
2 2(2*15) in Pearson’s paper should be (4n -1) *
Approximating the summation for n = 1, (3.50) can
be written: 0 0 0 9 9
vl6Z e q E NaOCO)
p = Z ( ¥ i z )— §------ % — 2“  (3.51)
v2“a/9-rt2lcT[ 1+4w 2/K22]K2 
T241Gilkersoh has since modified the above theory
on the grounds that Pearson neglected the energy dissipated 
in actually transporting the ions formed, from the origin 
in the AB ion-pair to their average separation in the
completely dissociated state, and introduces a distance 
parameter, S, which is the average distance the dissociating
V =
ions attain during the charging process, and is defined by
/ iq3 \
  , where the volume V  ^= — +~SxjN/ rec;*-Proca^
- 3of the free ion density, in ions cm. , under the conditions 
of the applied electric field. Again, Gilkerson considers only 
the case where a « 1, but for the present case the relative 
increase in conductance is given by:
2nZ2e2qSNaaa)2*0-A6\ _ rt/l-cA  ^ ^d ) \ 9 rf I o ' o..r'" •*•<**«••• 13*52/
o/Gilkerson 3000kTD( 1+co /K2)K,
where Gq is the audio-frequency conductance of the solution, -0- 
is the relaxation time of the ion atmosphere, obtained from 
the Debye-Falkenhagen theory? and = (k^ + 2k2aOC)
Assuming S to be equal to q, after Gilkerson,
/AG\ _ 0/l-a\ 2uZ2e2q2NaoCQ)2-fr f .
\Go/Gllkerson V2”a/ 3000kTD(1+w2/K02)kJ # *...........
while Pearson’s relative increase in conductance is given by:
/AG\ „/l-a-\ 128Z2e2q2Naaa)V , „ „, ,
[ q - \  = 2l2r ^ ) ---------— — p— ?—    (3.54)
V  o^earson v / 90007TkTD(l+4w /IC2^)E2
r 25]
Nanney and Gilkerson " have tested these two theories
for solutions of tetra-n-butylammonium picraie in o-dichloro-
benzene-benzene solvent and in chlorobensene solvent, by
measuring the conductances over the frequency range 1 to 
— 1100 Ec.sec. The predicted increases in conductance were
shown to exist, and the authors considered that the Gilkerson 
theory gave the better interpretation of the experimental 
results.
r 771According to Onsager the rate of ion recombination
in (3.28) is given by:
1.20TtNZe A o  , -1 -1_________ ______
•^ 2 = — — Y d   l.rnole sec....... .........* (3*55)
where -Ao -is the limiting equivalent conductance of the pair
:2of ions. For A o  = 133, and Z = 2, k0 = 3.83 x  lO'^l.mole”1
-1sec.
Using both (3*53) and (3*5^) values of the percentage
increase in equivalent conductance x TOO^ ¥6re
o
calculated for various values of E^. The values of a used 
in these equations were those calculated, as before, for 
each salt, from its low-frequency association constant. It 
was found that the increases in conductance predicted by 
Pearson’s equation were considerably greater than those from 
Gilkerson’s equation. Furthermore, fair agreement betxreen 
the experimental increases in conductance and the theoretical 
values, calculated from Gilkerson1s equation, could be 
obtained for reasonable values of k^, the rate of ion-pair 
dissociation. The values of giving the best fit to the 
experimental data were as follows:
2 + _ 2- 0 1 /-\9 -1Kg SO^ 2 x 10 sec.
2 + _ ~ 2— q 10,8 —1Mn SO^ o x 1C sec.
_ 2+pn 2— _ ■» 08 —1Cu SO, 5 x  10 sec.Tt
In Tables 18 to 50 values of (a A %  }th. (Gilkerson)
are shown, calculated from Gilkerson*s equation (3.53)*
3L0The above values of k, were used with 3*83 x 10 l.mole™ sec1
for kQ, for the three electrolytes; a /\% is given for each 
concentration and frequency at which conductance measurements
were made. Also shown are the values of:
( 3 • 5 r
( a A % )  ( t o t a l )  = ( A A % ) t h .  ( F a lkex iha g en ) ( 3 . 2 7 )  + (A A % ) t h . ( G i lk e r s o n
.......   (3.56)
and i n - figures 20 to 52 this quantity is compared to the
experimentally-measured conductance dispersions„(Pages 175 to 191).
Investigations of the relaxation of the ion-pair
equilibria in aqueous solutions of some bi-bivaleni metal
sulphates, have been carried out using ultrasonic absorption
f h ! "1
techniques. Atkinson and Petrucci and Kurtse and
["7 0 ]
Tanrn studied m agnesium  sulphate; three relaxations, at
about 200, 10 and 0.15 he.sec. have been shown to exist. 
Atkinson and hor^ studied ultrasonic a b s o r p t io n  in 
aqueous solutions of manganese(II) sulphate. As is 
necessary in this technique, their solutions were considerably 
more concentrated than those used in the p r e s e n t  investigation. 
Two absorption peaks were observed at frequencies which 
increased slightly with increasing concentration:
C oncn. f(II) f(XII)
-1 -1 -1moles 1. Me.sec. Me.sec.
0.01 32 2.7
0.05 34 3.1
0.10 35 3.3
TABLE 59
-1A thir d relaxation peak at about 200 Me.sec.
rsoi
had previously been found by Kurtze and Tainm. The
early experimental work on aqueous copper(11) sulphate
[791solutions showed the presence of relaxations corresponding
to two of these, but the middle relaxation peak x/as not 
found. This also applies to the case of magnesium sulphate 
and manganese(II) sulphate, but the more recent investigations 
have shown the existence of the third relaxation. There 
appears to be no recent experimental investigation of the 
ultrasonic absorption of aqueous copper(II) sulphate solutions.
The relaxation spectra obtained for these electrolytes
r 391
have been interpreted by Sigen in terms of the stepwise
2+  2-association of the M and S0 ~^ ions in a three-step 
process:
M2+ + SO2"  ---> [M WW S04] — [II W S04] ^  [KSO^] ...(3.57)
■i; ii nr
where W represents a water molecule trapped between the ions.
Frequencies f(II) and f(IXI) in Table 59 were considered 
to be characteristic of the corresponding stages in the 
equilibrium (3.57).
Although the ultrasonic technique enables all three 
relaxations to be investigated, the method used in the present 
work, involving an electromagnetic field, will have sharp 
limitations; the observed chemical equilibrium oust involve 
a charge reduction process. A relaxation time can be measured
for step I, the diffusion-controlled approach of the free 
solvated ions to form a solvent separated ion-pair, but no 
such-power loss, by a phase displacement,' will be detected 
for the ion-pair desolvation steps II and III, since each 
of the three ion-pair types (enclosed by braces) in the
equilibrium (3.57) has an overall charge of zero and is 
non-conducting.
The rates, k^ , of ion-pair dissociation obtained 
from the ultrasonic investigations for MgSO^ and l-hi( 11)30^ 
are compared with those obtained in the present work in Table 
60 . .
TABLE 60
-1 -1sec. k^ , sec.
present work ultrasonic work   —
MgSO, .,2 x IQ9 5.6 x 10°
qC^O]
I h d D S O ^  8 x  10° 8.0 X  10°
Cu(11)30^ 5 x 10o
it will be seen that the agreement between the two 
sets of values is good, considering the difficult nature 
of the measurements, and the approximations involved in the 
calculations. It must be remembered too, that in the 
present case the -effects due to relaxation of the ion-pair 
equilibrium are a small part only of the total increase in 
conductance, in which ion-atmosphere relaxation inlays the 
major role.'
The dispersion of conductance due to the relaxation 
of the ion-pair equilibrium relates only to step I of the 
equilibrium (3.57), and for the electrolytes and concentra­
tions used in the present work is not appreciable below
-1about 10 or 15 Me.sec.
In Figure 19 is plotted A(A A#), given by:
A(aA°/9) = (AA^ )(exptl.) - (AA%)th. (Falkenhagen).....   (3.58)
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against frequency for manganese(II) sulphate of concentration
1.5 x 10  ^ equiv.l. ^ The experimental values of A
were interpolated, for this concentration, at the various
frequencies used, from the corresponding plots of the
measured and calculated dispersions of conductance against
.concentration for manganese(II) sulphate (Figures 3 ® to 4l).
—  1At frequencies above 10 Me.sec. the enhancement of ion-pair
dissociation (Gilkerson type, equation (3*53)) accounts,
within experimental error, for the observed dispersions.
-1The dispersion peak below 10 Me.sec. must be due
-1to a resonance at approximately 2 Me.sec. - an effect
which decreases on either side of this frequency unlike the
two relaxation effects previously considered, which increase
monotonicaily with frequency. This resonance is most
2 +pronounced with the transition-oetai cations, Mn and
2 +Cu , which are known to be hydrated in dilute aqueous 
solution. It is suggested that the solvation sheath of 
water molecules is reduced, at a frequency of about 2 Me.sec. 
so that the ions attain increased mobility at this frequency.
The 1955 Fuoss-Onsager conductance equation for the 
stationary-fieId equivalent conductance of an unassociated 
symmetrical electrolyte may be writ t e n ^ ^  :
A =  A o  - s / F  + EClogC + J a C   .....   (1.21)
where A  is the equivalent conductance at an equivalent 
concentration C, A o  the equivalent conductance at 
infinite dilution, S the limiting slope (= A^^Ao + A^) , 
where A. and A0 are the coefficients in the' Onsager limiting 
equation, E = (E_/\o - Ep) , and Jja is a complicated function
oT the ion size parameter a_* . This equation has extended the 
range of validity of equivalent conductance calculations to 
concentrations for which Ka ^ 0.2 ( see pages 29 and 30 ).
Conductance measurements on copper m-benzene 
disulphonate in water at 25°C^^ have shorn this 2-2 electrolyte
to be completely dissociated up to a concentration of
-2 -11.3' 10 equiv.l. • as for unassociated 1-1 electrolytes,
the extended terms EClogC and JaC are absolutely necessary 
for a complete explanation of the conductance behaviour of 
this salt. However, the high-frequency theory'of conductance 
for unassociated electrolytes is of the form:
/C« =A*o - A tco - /ClI  .......   (1.5)
where and All contain only terms of the order C2".
That is, only the.C2 term has been corrected for the effect 
of frequency; the corresponding corrections to the S and 
Ja terms have not been derived.
For the electrolytes under investigation most of 
the dispersion of conductance is due to the ion-atmosphere 
effect, which is calculated using the- limiting equation, 
although the effect of ion sizes has been taken into account 
by Falkenhagen,, Leist and Eelbg. It "would seem reasonable 
that, since the extended terns are necessary in the equations 
for the low-frequency conductance of even 1-1 electrolytes, 
they are also necessary in the high-frequency case, particularly 
where electrolytes containing ions of higher valencies are 
considered.
For a complete explanation of the high-frequency
conductance of thigse electrolytes it will he necessary to
attempt a solution of the conductance equation following
r ^ Q
Fuoss and Gnsager's extension to the limiting equation, 
but with alternating fields. A preliminary investigation 
of this problem shows it to be an extremely difficult task
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P A R T  IV 
S E C T I O N  1. 
CONCLUSIONS
1. A Wayne Kerr B801 radio-frequency* conductance--capacitance 
bridge has been modified to improve it® sensitivity.
2. This bridge, a B201 radio-frequency bridge, and an audio­
frequency Wheatstone bridge, have been used to measure the
conductances of aqueous solutions of MgSO^, Mn(XI)SO^ and
“X — XCu(XX)SO, at frequencies from 1 Kc.sec.""' to 50 Me.sec.Jr *
3. A relative method, using KC1 as the reference electrolyte,
has been used for the measurement of the radio-frequency
-1conductances (1 to 50 Me.sec. ).
4. The variation of conductance with concentration for a
typical bi-valent electrolyte is illustrated, using MgSO^,
in figure 53* Curve (II) shows the conductance at a
-1frequency of 1 Kc.sec. and curve (I) the increased
—1conductance at a frequency of 20 Me.sec. , illustrating the
effect of relaxation of the ion atmosphere at this frequency;
both of these are calculated, assuming complete dissociation
of the electrolyte, i.e., K = 0 .
Curves (III) and (IV) are the experimental conductance
at the same frequencies. At a given concentration, the
separation between curves (I) and (III), or (II) and (IV),
is due to ion-pairing at that concentration and particular
frequency. Any change of K with frequency (the ion-pair
r 23 241
relaxation effect)1- would appear as a difference between
A/\ l  Kc.) and A ^(20 Mo .)'
5. The increases in conductance brought about by the 
high-frequency field were often greater than those predicted
[41from the Debye-Falkenhagen theory for the relaxation
C O M P A R IS O N  OF C A L C U L A T E D  AN D  EXPERIMENTAL
E Q U IV A LE N T  C O N D U C T A N C E S  F O R  A Q U E O U S
133
S O , S O L U T IO N S
129-
f*20 Me. sec
Calcd.125
f - 1 Kc.sec
[ I I I ]
(I Kc.)
irv]
(20 Me.)
Exp!!.FIG U R E 5 3 -
f = 2 0  Me. see;
Exptj.N^ 
1- 1 Kc sec!
10 9
20
4  -I
IO Concn. equiv. I.
of - the ion atmosphere; this was particularly true, the 
’’weaker'1 the electrolyte, and the greater the electrolyte 
concentration,
6. The methods available for the computation of association 
constants from audio-frequency conductance measurements have 
been reviewed,' and a new method, involving the conductance 
equation of Falkenhagen, Leist and llelbg has been
suggested, which "permits association constants to be 
evaluated at any frequency of the electric field used to 
measure the specific conductance of the electrolyte,
7. This extrapolation technique has been used to compute
the association constants for the above-mentioned electrolytes 
at each frequency at which conductance measurements were 
made,
8. The numerical value of the association constant for these 
three electrolytes, is dependent upon both the value assigned 
to the ion-size parameter, a_, and the theoretical equation 
used.to describe the behaviour of the hypothetical 
completely dissociated electrolyte.
9. The values of the audio-frequency association constants, 
and /\o values, obtained in this work,are in agreement with 
those obtained by other workers.
10. All three electrolytes studied show variations of 
association constant with frequency; these variations cannot 
be explained in terms of the Debye—Falkenhagen effect.
11. The increases in conductance above the theoretical values, 
and hence the decreases in association constant at the higher
/ “ I vfrequencies (10-50 Me.sec. )T can be attributed to non-ohmic
power losses due to relaxation of the ion-pair equilibrium.
For these incompletely-dissociated electrolytes there are 
thus two frequency effects, one due to relaxation of the ion 
atmospheres, the other due to relaxation of the ion-pair 
equilibrium, both of which are operative at about the same 
frequencies,
r241
12. From Gilkerson*s theory for the ion-pair relaxation
r 77 i
process, and using Onsager*s value for the rate of free-
ion recombination, the values of , the rate of ion-pair 
dissociation, were calculated:
9 -12 x 10 sec.
8 x 10^ sec. ^
5 x 10^ sec.
13* The Gilkerson theory does not explain the apparent
•-1enhanced dissociation at a frequency of 2 to 3 Me,sec. for
Mn(ll )S'0^ . and Cu(II)S0^. It is suggested that this is
the result of a resonance dehydration of some of the water
2 +molecules associated with the ion, leading to an
increased mobility for the ion, and hence the increases- in
conductance of the solutions measured at these frequencies;
there is probably no appreciable dispersion of the association
-1constant below frequencies of about 10 to 15 Me.sec. , for the 
electrolytes considered.
2 +  _ 2 — Mg S04
Kn2+S042" 
Cu2+S0 2~
P A R T  IV 
S E C T I O N  - 2. 
APPENDIX 1.
Correction of Copper(II) Sulphate Conductance Measurements
for Hydrolysis.
f52lThe method of Owen and Gurry was used to correct
the measured specific conductances of the copper(II) 
sulphate solutions for the hydrolysis of the bivalent ions, 
as evidenced by the variations in pH of the solutions. The 
hydrolysis equilibria may be expressed as follows:
Cu2+ + H?0 ----* Cu(OH) + + H+  ,   (4.1)
and S0/t2~ + H20 ^=5=^ HS0%~ + 0H~ .........    (4.2)
The conductance of the solvent is thus increased by 
the formation of the highly mobile hydrogen and hydroxyl
ions, whose limiting equivalent conductances were taken as
-1 -1 -1350 and 200 ohm cm. I. g.equiv. respectively. The
concentrations of these species were calculated from the pH of 
the solution and the conductance obtained was used as the 
appropriate solvent correction.
2+  2 —Since only the conductance due to Cu and ions
is required, it is also necessary to correct the measured 
conductances for the decrease due to the replacement of 
small amounts of the bivalent ions by the monovalent Cu(0H)+ 
and HS0^~ ions. Following Owen and Gurry, the limiting
equivalent conductances of the HSO^ and Cu(OH) ions were
— 1 —1 —1
taken as 50.0 and 31*2 ohm cm. l.g.equiv. respectively.
+The concentration of Cu(OH) was calculated, disregarding
activity coefficients, from the pH of the solution, the
2 +stoichiometric Cu concentration, and using the value
3.4 x 1C f o r  the classical dissociation constant in
the process:
Cu( OH) +  ^ Cu2+ + O H "  .............  (4.3)^-----
—8which gives the value 2.9 x 10 for the hydrolysis constant 
f o r  Cu2+ (= Kw /k ^ ) .
The HSO." concentration was calculated in a similar
-2[83]manner but using the value 1*2 x 10 as the dissociation
constant of the bisulphate ion:
HSQ^" ■ — a so42~ + H + ........................ (4*4)
The pH values for the above calculations were 
measured with a Pye Model 7 9 pH meter, using Ingold combined 
glass/calomel electrodes, and making a run similar to a 
conductance dilution run, i.e. starting with solvent and 
adding portinns of copper sulphate stock solution. The
measurements were extended to rather more dilute (2 x 10"^’
-1 -4equiv.1. ) solutions than those of Owen and Gurry (8 x 10
-1equiv.1. ), but the two sets of data agree within 0.1 pH
. ~4unit over the common concentration range (3 x 10 to
„„ Q _ T_
2.3 x 10 equiv.1. ).
The values of the combined corrections described 
above varied from about 1.8 equivalent conductance units,
~4 -1at 2 x 10 equiv.1. , to about 0.3 equivalent conductance
-3 -1units, at 2 x 10 equiv.1. These corrections have been
applied to the equivalent conductance data listed in Table 17.
The above method of calculation was assumed to be 
valid for the required conductance corrections at both 
audio- and radio-frequencies.
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